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MICROSCOPIC STRUCTURE OF THE COTTON FIBER 


By Charles W. Hock, Robert C. Ramsay, and Milton Harris ! 


ABSTRACT 


ring the examination of cotton fibers that had received various chemical 
tments, a number of observations pertaining to the structural details of the 
were made. ‘Those phenomena which appeared to be new were investi 
ited in detail. In addition, experiments deseribed by earlier investigators were 
peated in order to have a better composite picture of the structure of the fiber 

Phe cell wall of a cotton fiber consists of a primary and a secondary wall. ‘The 

iter, which comprises the bulk of the fiber, consists of innumerable spirally 

ented cellulose fibrils enclosed by a winding which also makes a spiral, but in 
opposite direction from the former. Soth the winding and the fibrils reverse 
direction at frequent intervals along the axis of the fiber, their points of 

al being coincident. The secondary wall is enclosed by a thin primary 
rhe latter is made up of fine crisscrossing strands of cellulose embedded 

a membrane consisting principally of wax and pectic substance. The lumen 
» contains wax and pectic materials, plus various amounts of degenerated 

rotoplasm. 

When cotton fibers are swollen under certain conditions, a lamellate structure 
cernible in the secondary wall. The number of these lamellae increases with 

e age of the fiber. 

On treatment of cotton fibers with cuprammonium hydroxide reagent, the cel 
e dissolves, leaving residues which vary in amount and in structure, depend 
ipon the extent of purification of the fibers. The residue from raw and from 

vaxed fibers consists of fragments of the primary wall, and of a lesser amount 

material from the lumen. ‘The behavior of the fibers in the reagent depends in 

part on their maturity. Immature fibers containing only small amounts of cel 

e swell relatively little in the reagent, and the undissolved wax and pectic 

terials maintain the original tubular shape of the primary wall. When older 

rs are given the same treatment, they swell abruptly, thereby causing the 
ary wall to break in many places, giving rise to “balloons.” 

Irregular swelling along the fiber axis, which results in the formation of bal 
, appears to be dependent in part on the orientation of the fibrils, and in 

rt on the constricting influences of the winding and of the primary wall. 
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I. INTRODUCTION 


As a part of a program of research relating to the chemical and 
physical structure of textile fibers, microscopic examinations wer 
made of cotton fibers which had received various chemical treatments. 
A number of observations pertaining to the structural details of the 
cell wall of the cotton fiber were made. Those phenomena which 
appeared to be new were investigated in considerable detail. [py 
addition, experiments described by earlier investigators (Balls 
[1, 2, 3],?7 Denham [4], Sakostschikoff and Korsheniovsky [5], Kerr 
[6], Anderson and Kerr [7], Farr [8], and Barrows [9]) were repeated, 
and are reported here for the sake of completeness. 


II. MATERIALS 


Two varieties of Gossypium hirsutum L., Missdel-7 and Mexica 
Big Boll, were used in the investigation. Samples of each were 
furnished by the Agricultural Marketing Service of the U.S. Depart- 
ment of Agriculture. Missdel-7 was grown at the Delta Experiment 
Station, Stoneville, Miss. Only fibers from open bolls of this variety 
were used. The samples of Mexican Big Boll variety, grown at the 
Experiment Station at Raleigh, N. C., were from special case-historied 
material collected for joint fiber structural studies by the Bureau of 
Plant Industry and the Agricultural Marketing Service. The samples 
of the latter were principally young or immature fibers from bolls of 
known age. Fibers of different ages were obtained by tagging the 
flowers on the day of blooming and then collecting the bolls on suc- 
cessive dates so as to give material of the desired age. Two series of 
immature Mexican Big Boll fibers were used. One, collected during 
the summer of 1939, consisted of dried fibers in which deposition of 
secondary cellulose had begun. The other, collected during the 
summer of 1937, consisted of very young fibers with primary wall only 
The second set of fibers was obtained from bolls, the locks of which, at 
the time of collection, had been placed in boiling water for a few 
minutes to untangle the fibers, and then stored in approximately 
70-percent ethyl alcohol. 

Those fibers which received no chemical treatments are termed 
“raw fibers.’’ In the present paper the young Mexican Big Boll 
fibers which had been boiled in water and then placed in alcohol are 
also included in this category, although it is recognized that. th 
treatment was not without effect on the composition of the fibers. 
The natural waxes were removed from some of the raw fibers by ex- 
traction with alcohol and ether for 24 hours each. These fibers are 
termed ‘dewaxed fibers.”’ A portion of the dewaxed material was 
further purified by extraction with alkali according to the method 
recommended for the preparation of standard cellulose. The pro- 
cedure was essentially the same as that described by Corey and Gray 
[10], except that the apparatus of Worner and Mease [11] was em- 
ployed. These fibers, from which both wax and pectic substance wert 
removed [12], are termed “depectinized fibers.”’ 

Cuprammonium hydroxide solution was prepared according to the 
recommendation of Mease [13]. The solution contained 240 +5 ¢ 
of ammonia (NH;), 15 +0.1 g of copper, and 1.0 g of sucrose per 
liter. The concentration of nitrite was less than 0.5 percent. When 


2 Figures in brackets indicate the literature references at the end of this paper. 
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vot in actual use, the cuprammonium hydroxide was kept under 
rrogen in tightly stoppered bottles in the refrigerator. 

Trimethylbenzylammonium hydroxide was used in some of the 
speriments. The stock solution, which was 2.5 N, was diluted with 
water just before using. 

For staining cellulose, iodine and sulfurie acid [14], zine chloride 
odine [14], and an alkaline solution of Congo red (0.5 pereent of dye 
n a 0.5-pereent solution of sodium hydroxide) were used. Aqueous 
solutions of ruthenium red were used for staining pectic compounds 
15]. Although ruthenium red is not a specific stain for pectic sub- 
stance, native peetic compounds invariably take a red color in the 
presence of this dye [7]. 


III. EXPERIMENTAL PROCEDURE AND RESULTS 


The cell wall of the cotton fiber is composed of a primary and a 
econdary wall. The primary wall, in accordance with the deseription 
of Anderson and Kerr [7], is considered to be the outer sheath of the 
liber, or the portion of the wall formed as the fiber increases in length. 
Secondary wall then refers to that part of the wall which is laid down 
after the fibers cease to elongate appreciably. Only the thin primary 
vall encloses the protoplasm of the cotton hair as the fiber elongates 
during the first 13 to 20 days after its origin. Thereafter, the thick- 
ness of the wall is increased by a deposition of cellulose which com- 
prises the secondary wall. For convenience in discussion, these two 
distinct layers are considered separately. 


1. PRIMARY WALL 


Young fibers, 3, 5, 8, and 15 days old, were mounted in water and 
examined microscopically. With ordinary light there was no evidence 
of structure in the thin primary wall. The walls stained deeply and 
uniformly with ruthenium red. When treated with an alkaline solu- 
tion of Congo red, zine chloride—iodine, or iodine and sulfuric acid, the 
fibers gave a faint color reaction. In older primary walls, for example 

a 15-day fiber, an ill-defined pattern was observable in the wall. 

On examination with crossed nicols, unstained fibers showed prac- 
tically no birefringence. Insertion of a selenite plate between the 
nicols produced faint colors indicative of a predominantly transverse 
orientation, Although these fibers showed little birefringence when 
instained, they were clearly anisotropic after treatment with a dye 
such as Congo red. This increase in birefringence upon staining is 
due, apparently, to the double refraction of the preferentially oriented 
dve molecules [16, 17]. 

When wax and pectic substance were removed from 15-day fibers 
the material which remained still had the outline of the original fiber 
and stained with Congo red, zine chloride—iodine, and iodine and 
sulfuric acid. Between crossed nicols, the stained depectinized fibers 
were birefringent and showed a pattern like that in the stained walls 
of raw fibers. When the purified fibers were placed in cuprammonium 
hydroxide solution, they appeared to dissolve completely in the 
reagent. 

The stained walls of both the raw and the depectinized fibers were 
suitable for observing the cellulose * of the primary wall. In agree- 


- 4 W hile the identity of this material has not been definitely established, X-ray investigations, staining 
‘ctions, and behavior in cuprammonium hydroxide solutions indicate that it is probably cellulosic in nature. 
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ment with the description by Balls [2, 3], and by Anderson and Kerr 
[7], the cellulose, as observed with crossed nicols, was found to }, 
present as criss-crossing strands. At 45° with respect to the planes oj 
the nicols, the fiber showed its maximum brightness and presented 4 
reticulate appearance (fig. 1, A). When a fiber was rotated to th 

right or left of its position of maximum brightness, either one or th, 

other of the systems of crisscrossing strands predominated the image 
(fig. 1, B and C). Measurements ‘4 of the angles which these bire- 
fringent strands made with the axis of the fiber were made on fibers 
of different ages. The results indicate that the angle of orientation 
decreases with increase in age of the fiber. In other words, the orie n- 
tation was more nearly transverse in the younger than in the older 
ones. Likewise, the netlike structure of the cellulose, when the fibers 
were placed at 45°, appeared coarser (compare fig. 1, A, with fig. 2, 4 

and showed greater birefringence in the older fibers. The greater bire- 
fringence of the older fibers is not readily apparent from the photo- 
graphs, as they were taken primarily to show the netlike structure. 
Measurements also indicated that the angle which the cellulose strands 
made with the fiber axis was greater at the tip than at the base. 

These differences were especially noticeable in 15-d: ay fibers, where 

the growing cell had nearly attained its maximum length. 

The above observations were confirmed by the examination of 
single walls obtained by cutting longitudinal sections of the fibers 
with the aid of a freezing microtome. Staining reactions and bire- 
fringence measurements gave essentially the same results as those 
obtained with intact fibers (fig. 2, B). 

After the initiation of secondary thickening, the predominantly 
transverse orientation (with respect to the fiber axis) of the cellulose 
in the primary wall was masked, after a few days, by the more nearly 
parallel orientation of the cellulose in the secondary wall. This 
change was evident upon examination of the fibers with crossed nicols 
and a selenite plate, as well as by observation with ordinary light, and 
is in agreement with the results of the X-ray work of Berkley [18]. 


2. SINGLE FIBERS IN CUPRAMMONIUM REAGENT 


The bulk of the cellulose of a cotton fiber is in the secondary wall. 
For this reason the attention of most investigators has been directed 
mainly to this part of the fiber. 

In a previous investigation [19] it was found that the cellulose 
dissolved during the treatment of cotton with cuprammonium hydrox- 
ide solutions, leaving residues which varied in amount and in struc- 
ture, depending upon the extent of purification of the fibers. When 
raw and dewaxed mature fibers were placed on microscope slides and 
then treated with cuprammonium reagent, the fibers immediately 
— to swell and twist, often forming balloon-like structures (fig. 

3, ‘A). The residue which remained after dissolution of the ce lulose 
consisted principally of fragments (fig. 3, B) of the primary wall and, 
to a lesser extent, of material from the lumen. These residues were 
isotropic, contained pectic substance [12], and stained deeply with 
ruthenium red. They were often clumped into accordion-like struc- 
tures which could be stretched with the needles of a micromanipulator 
to form continuous tubes corresponding to the condition in the intact 


4 The angle which the strands made with the axis of the fiber were measured at the center of the fiber by 
means of a rotating stage marked in degrees. 
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Raw 15-day cetton fiber stained with Congo red and photographed between 
y g photogra} 
crossed nicols. 


h respect to planes of the nicols, showing criss-crossing strands of cellulose in the primary 
fiber placed at about 15° to the plane of light passing through the polarizer, showing one 
which predominate in this position: C, same as B, with fiber placed at about 15° to the 

ng through the analyzer, and showing the other set of cellulose strands. Magnificatior 
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Raw fibers stained with Congo red and photographed between cros 
; g L gra} 
nicols. 


ver at 15° with respect to the planes of the nicols, showing strands of cellulose in th 
single wall of a i5-day fib ywing strands of cellulose in the primary wall. I 
gle with respect to the planes of the nicols. Magnification X00 
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: 
Raw cotton fibers in cuprammonium hydroxide solution. 


swollen to form balloons, magnification 115; B, residue which remains after the cellulose 
fibers has dissolved in the reagent, magnification 115, C, typical residue of a 22-day raw 
tment with cuprammonium reagent,magnification 480; 4, residue which remains after 
tions of mature raw fibers with cuprammonium reagent, magnification X115: &, raw cross 
cotton fibers swollen slightly in dilute cuprammonium hydroxide solution, showing 
terial in the lumen and at the periphery of the fibers, magnification 1170 
All the fibers were stained with rutheniem red. 
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These tubes, which appeared to be soft and pliable, were 


readily torn by this treatment. Depectinized fibers dissolved in 


prammonium reagent, leaving only a negligible amount of iso- 


opie residue which exhibited no definite cell structure. 


t 
When immature fibers in which only a small amount of secondary 


hickening had occurred were treated with cuprammonium reagent, 


relatively few visible changes took place. Few ‘balloons’ were 


ormed and, therefore, the primary wall was left practically intact. 


he mild reaction of young fibers in cuprammonium hydroxide was 
sharp contrast to the swelling, writhing, and twisting of mature 


fibers. Young fibers containing only small amounts of cellulose 


celled little in the reagent, and the undissolved wax and_ pectic 

crials maintained the original tubular shape (fig. 3, C) of the pri- 
ry wall. By noting their behavior in cuprammonium hydroxide, 
was thus possible to distinguish mature from immature fibers. 


CROSS SECTIONS OF FIBERS IN CUPRAMMONIUM REAGENT 


In order to study further the behavior of cotton fibers in cupram- 
ium reagent, cross sections of raw, dewaxed, and depectinized 


fibers were made. The usual procedure for making sections, whereby 


e fibers are embedded in paraffin, collodion, gelatin, or a similar 
aterial, could not be used, as it is necessary to remove the embedding 
iiterials from the sections after they are cut, and the solvents used 

this purpose also take out some of the waxes or pectic substance 


rom the untreated cotton fiber. Accordingly, cross sections were 
made by simpler methods, which may not give sections as uniform 


s those obtained with erabedded mi aterial, Dut have the advants ure 
f leaving the fibers unaltered in their che mical composition. 

By means of the device of Hardy [20], fibers were cut into sections 
bout 10 microns thick without embedding. The sections were 
laced on microscope slides and then examined, as cuprammonium 


hvdroxide solution was drawn under the cover glass. The sections of 


i fibers swelled in the reagent, and in a short time the cellulose 
ppeared to be dissolved, leaving a residue in the form of rings and 
ther fragments of material (fig. 3, D) which stained with ruthenium 


red. Most of the residue came from the surface of the fiber, a lesser 


mount from the lumen. When this behavior was observed with 
rossed nicols, it was noted that the birefringence of the sections was 
ost as the cellulose dissolved and that the residue was isotropic. 


When sections were swollen only slightly in dilute cuprammonium 
reagent and then placed in ruthenium red, deeply stained red bands 


re discernible at the circumference and in the lumen (fig. 3, /). 


‘ections of dewared fibers behaved in essentially the same way as raw 


ton. Dissolution of the cellulose took place rapidly, leaving an 
otropic residue which stained with ruthenium red and was similar to 
obtained from the raw fibers. When sections of depectinized 
vers were treated with cuprammonium hydroxide they dissolved 
most completely in the reagent. 
Cuprammonium reagent dissolves the cellulose of single cotton fibers 
Ir of cross sections in a relatively short time. On the other hand, 
lute solutions of the reagent swell the fibers but dissolution of the 
lulose. is greatly retarded. Swelling fibers in this way offers an 


excellent means of observing details of their structure. Cross sections 


‘out 10 microns thick were placed on microscope slides and then 
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treated with cuprammonium hydroxide solution which had_ bee 
diluted four to six times with concentrated ammonium hydroxid 
The sections swelled to many times their original diameter, thereby 
revealing a lamellate structure (fig. 4, A and 8B). During the course o/ 
swelling the sections usually inverted, so that the region originally qj 
the surface of the fiber occupied the former position of the lumen 
Where inversion was incomplete, cone-shaped structures were formed 
(fig. 4, (@). Inversion was observed in sections of fibers from which 
the wax and pectic substance had been removed, as well as in ray 
fibers. Very thin sections of mature fibers sometimes swelled without 
inverting. It should be pointed out, however, that a slight tear at the 
periphery, such as might easily occur in making sections only a few 
microns in thickness, would allow the sections to expand without 
inverting. Cross sections of immature fibers with only a small 
deposit of cellulose usually did not turn inside out. Apparently in 
immature fibers the lumen is sufficiently large to allow for expansion 
of the relatively small amount of cellulose. The regularity with which 
inversion accompanies the swelling of sections of mature fibers indi- 
cates that structural features of the fiber itself may be responsible for 
this phenomenon. Since inversion occurs regularly, even in depectin- 
ized fibers, the insoluble wax and pectic substance in the primary wall 
cannot be primarily responsible for the observed behavior. — It appears, 
therefore, that inversion may be due to a constricting influence, 
possibly of a layer or membrane which has not yet been identified, or 
what seems to be more probable, to a differential rate of swelling be- 


tween the inner and outer layers of the cellulose of the secondary wall. 


4. LAMELLAE AND GROWTH RINGS 


Lamellae were not readily seen in untreated cross sections but wer 
clearly visible in properly swollen material. When treated with 
cuprammonium reagent diluted four to six times with concentrated 
ammonium hydroxide, swelling of the cellulose took place in such a way 
as to reveal lamellae. Slight pressure on the cover glass helped to 
spread the swollen sections and thus render the lamellae more distinct, 
but this technique was not necessary for making these structures 
visible. When, for example, the cover glass was supported by bits of 
broken cover glass to prevent pressure on the sections, swelling took 
place as usual and lamellae were clearly discernible. Likewise, when 
the sections were swollen in a hanging drop,’ lamellae were similarly 
observed. 

On treating the swollen sections with Congo red, alternating 
lamellae appeared to be deeply and lightly stained with the dye 
(fig. 4, A and B). Between crossed nicols these sections showed 
alternating layers of strong and of weakly birefringent materia! 
(fig. 4, D). 

The above-described techniques were applied to Missdel-7 and ti 
Mexican Big Boll cottons. In both varieties the structure of th 
fibers was essentially the same. The average number of lamellae 1! 
a mature fiber was between 45 and 50. Individual lamellae varied 
in thickness from 0.1 to 0.2 micron.’ The first lamella appeared to 
be deposited between the 18th and 20th day after flowering, th 


’ The sections were placed in a drop of dilute cuprammonium hydroxide solution on a cover glass, an 1 the 
latter was inverted over a depression in a microscope slide. ef 

6 The width of the lamellae was obtained by dividing the thickness of the wall of the unswollen fiber by 
the number of layers counted after swelling. 





sections of de pe clinized cotton fibers swollen in cuprammoniim 


h Jdroxide solution to show lamellae 


howing lamellae, magnification 1): 73, section of immature (25-da 
on XO, ©, section of mature fiber swollen to show lamellae, and partly i 


haped structure: magnification * 400; 7), section of 26-day fiber to show lamedtbac 


ed 


ols, magnification X70 


All the fibers were 
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FIGURE 5 Depeet nized cotton Sibe s swollen inc éprammonium hydrox le 


10 show str vations, 


ns, magnification *500; 2, mature fiber, showing stri 
between crossed nicols, magnification X429 


All the fibers were stained with Congo red 
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mber increasing thereafter as the fiber approached maturity. The 
srogse in the number of lamellae with age can be seen by comparing 
we 4 (A) with figure 4 (2). 
“The lamellae, so clearly observed in swollen cross sections, can also 
seen in longitudinal view [1], when the microscope is focused mid- 
between the upper and lower surfaces of a swollen fiber. Fibers 
om whieh both wax and pectic substance were removed were prefer- 
ble for these observations, as the purified fibers swelled more uniform- 
y than raw fibers. When observed in this way, the fibers showed 
‘iriations 7 running parallel to the fiber axis and extending from the 
imen to the outer surface (fig. 5, A). The striations were readily 
jiseernible in unstained mounts, but the addition of Congo red 
ondered the pattern more distinct. When examined with crossed 
nicols alternating stripes of strongly and of weakly birefringent mate- 
rin] were observed (fig. 5, 2). As the fiber matures, the thickness of the 
wall becomes greater and the number of striations is increased. The 
number of striations in Mexican Big Boll from 18 days to maturity 
vas found to agree with the number of lamellae counted in cross 


\ 
L\ 


sections. 

\ccording to Kerr [6], two lamellae, one compact and one porous, 
are deposited each day during the period of secondary-wall deposition. 
hese two lamellae (or two adjacent striations) together constitute a 
daily growth ring. Using “‘growth ring”’ injthis sense, the relationship 
between these rings and the age of the fiber is shown graphically in 
jvure 6. It is readily seen that there is a close correlation between 
the counts of lamellae and of striations. For the first 10 to 15 days 
after the initiation of secondary deposition, one growth ring was 
laid down per day. Thereafter, until maturity, additional growth 
rings were formed, but the rate of one ring per day was apparently 
not maintained. However, closer examination of the data showed 
that the counts of lamellae and of striations varied considerably in 
fibers older than 35 days. This may mean that individual fibers 
continued to deposit one growth ring daily, but that the average for 
the group is lowered because of the early maturation of some of the 
libers. 

These results confirm the work of Balls [1] and Kerr [6]. They 
are not in agreement with the results of the investigations by Sakost- 


F chikoff and Korsheniovsky [5] and Barrows [9], who were unable to 


establish a consistent relationship between the number of lamellae 
and the age of the fibers. 

igure 7 shows the increase in width of the secondary wall with 
the age of the cotton fiber. After about the first 15 days of secondary- 


wall formation there is only a slight increase in thickness as the fibers 
Sconuunue to mature. This is consistent with a recent investigation 


) 


21] in which it was demonstrated that the percentage of cellulose in 


F series of cotton samples of different ages increased rapidly until 


about the 35th day after flowering, and that thereafter there was 


FP ouly a small further increase with age. A comparison of the curves 
ol figures 6 and 7 suggests that the initial growth rings are wider 


han those laid down after the 35th day. 


the present paper, the layers observed in cross section are called lamellae, whereas the layers observed 
tudinal view are called striations. Both lamellae and striations refer, however, to the same 
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Lamellae, or striations, were also revealed when fibers were treat, 
with reagents other than cuprammonium hydroxide. Trimethyi. 
benzylammonium hydroxide had essentially the same effect as ey 
rammonium reagent. Combined treatment with sodium hydroxid 


and carbon disulfide, and treatment with phosphoric acid als 


al 


FIGURE 6.—Growth rings in relation to the age of the fiber. 


Open circles represent growth rings estimated from the number of lamellae counted in Aber cn 


sections counted for each point of the curve Solid circles represent growth rings estim 1 ir 
number of striations counted in longitudinal view (50 sections counted for each point of the curve 


revealed a lamellate structure in the fiber, but cuprammonium 
hydroxide and trimethylbenzylammonium hydroxide were preferabi 
for this work. 

5. FIBRILLAR STRUCTURE 


The investigation of the structural details of the cotton fiber was 
continue . with single fibers. These were mounted in distilled ee 
(fig. 8, A) and then examined with crossed nicols. When the fibers 
were < ced approximately parallel to the plane of vibration of ligh 
through one of the prisms, the high birefringence of the fiber was 
interrupted by dark extinction bands at irregular intervals along its 
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xis (fig. 8, B). The same phenomenon has previously been noted 
yy Balls 22]. When a selenite plate was inserted between the nicols, 
contrasting colors, indicative of differences in orientation, appeared 
n regions adjacent to the extinetion bands (fig. 8, C). The number 


‘convolutions or twists of the fiber which oceurred in a region 








DAYS AFTER FLOWERIN( 
Increase in width of the wall with increase in age of the fib 


Each point of the curve represents an average of 200 measurement 


‘tween two bands of extinction varied considerably, depending 
apparently on the length of the region. However, in a region ‘which 
showed uniform optical properties the convolutions were always in 
the same direction. 

The optical variations just described were also correlated with 
differences in structure observed in depectinized * fibers swollen in 


caduute 


cuprammonium hydroxide or in solutions of trimethylbenzyl- 
ummonium hydroxide. For this experiment the cuprammonium 


ras 
10" 


went was diluted three to four times with concentrated ammonia, 
and the trimethylbenzylammonium hydroxide was diluted with 


* Depectinized fibers were best suited for these experiments, since, after removal of the outer membrane 
wax 


‘and pectic substance, irregular swelling along the axis could be minimized. 





102. Journal of Research of the National Bureau of Standards 


water to a concentration of 2.2 to 2.4 N. Upon swelling, the fibers 
clearly revealed a fibrillar structure. The bulk of a fiber was mad, 
up of innumerable fine fibrils oriented at an acute angle with respect 
to the axis of the fiber. The fibrils were enclosed by a winding 
which appeared to be a little coarser than the fibrils themselves. 

In fibers which had been swollen only slightly, it was observed tha: 
this outer winding was closely spaced and made a moderately stee 
spiral (fig. 9, A and B). The winding, like the bulk of the fiber 
stained with Congo red, zine chloride—iodine, and iodine and sulfur; 
acid, and appeared to dissolve in cuprammonium reagent. It mad 
either an S or a Z twist around the fiber, reversal of directio; 
taking place (fig. 9, C) many times in a single fiber. Examinatio 
showed that both types of twist occur with about equal frequency 
Invariably the orientation of the fibrils immediately beneath the 
outer winding was in the opposite direction. In other words, if th 
winding made an S twist, the fibrils immediately beneath made , 
Z twist. As far as could be determined, all of the fibrils under th 
winding at any one place appeared to run in the same direction. 

It became apparent that reversals of direction of the cellulos 
fibrils and of the winding were responsible for the optical differences 
observed with crossed nicols, and that the band of extinction was the 
place at which the reversals occurred. The number of optical re- 
versals occurring in a single fiber or fragment invariably was the 
same as the number of fibril reversals. Likewise, the relationship 
between the fibrillar orientation and the convolutions became clear 
It was found that the direction of a convolution usually was the 
same as the spiral direction of the winding. That is to say, when 
the winding made an S twist around the axis, the convolutions in 
that region also showed an S twist. 

The fibrillar structure of the secondary wall was studied to better 
advantage upon handling the fibers with microneedles. In some 
cases the outer winding was picked up by the needles and _ pulled 
away from the rest of the fiber or the winding was pulled along the 
axis of the fiber in such a way as to form a clump. Needles wer 
brought into the innumerable fine fibrils comprising the bulk of th 
cellulose of the secondary wall only by careful manipulation. The 
difficulty in picking up these fibrils appeared to be due to lateral 
cohesion of the fibrils themselves. After insertion of the needles, 
however, the fibrils could be separated from one another (fig. 10 
A and B) and otherwise subjected to micromanipulative methods. 


6. BALLOON FORMATION 


Depectinized fibers were also examined in cuprammonium hydroxit 
solutions of various concentrations. It soon became clear that there 
. . . “7 . . * 
was a relationship between the optical differences and fibril reversals 
on the one hand, and balloon formation on the other. In concentrated 
cuprammonium hydroxide solutions (reagent diluted not more that 
three times with concentrated ammonia) dissolution of the cellulose o! 
the fibers took place in a relatively short time. The fibers appeared 
to break into large chunks which became progressively smaller as dis- 
* Although the winding closely resembles the fibrils which make up the bulk of the fiber, to facilitate 
discussion it wil] be considered separately. . 
10 According to ASTM Standards on Textile Materials [22]. 8 yarn or cord has an S twist if, when ht Md i 
a vertical position, the spiral conforms in slope to the central portion of the letter S, and a Z twist I! 


spirals conform to the central portion of the letter Z. In the present paper, the same terminology ¥ 
be applied to fibrils. 
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FIGURE 9. 


Depectinized fibers showing the winding. 


swollen slightly in « cuprammonium hydroxi« B, fiber treated with 
ind photographed between crossed nicols; C, fiber, showing reversal, treated with 
ind photographed between crossed nicols; magnification, 4, B, and C, *420 
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Depectinized fibers swollen in dilute cuprammonium hydroxide solution 
and handled with microneedles. 


iss d with microneedles to show fibrillar structure; 4, fibrils being pulled away 
needles are not shown in the photomicrograph Magnification, A and B, 500 
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hiGureE 11.-—Cotton fibers swollen in cuprammonium hydroxide solution to } 


balloons. 


1, Depectinized fibers, showing balloons, photographed between crossed nicols, (selenite plate 
magnification 260; 23, depectinized fibers, showing winding. The coarse appearance of the wit 
have resulted from the coalescence of individual fibrils during incipient balloon formation, ma 
x420. C, typical string of balloons in a depectinized fiber, magnification 500; D, string of ball 
raw fiber, showing the winding and fragments of the primary wall connecting the constrictiot 
stained with ruthenium red. Magnification «440, 
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ion proceeded. Observed between crossed nicols, the highly 
fringent fibers were seen to break up into fragments which steadily 
ame less birefringent until the field of the microscope was black. 
1, dilute solutions (diluted between 3 and 10 times) the fibers swelled 
roatly but complete dissolution generally did not occur. As swelling 
ok place balloons were occasionally formed. When the behavior of 
dye fibers was observed with crossed nicols, the fibers were seen to 
weome progressively dimmer as the cellulose dissolved. The ex 
panded part of a balloon was the first to lose its birefringence, since 
ere the cellulose had become highly disorganized. On the other 
nd, the constrictions were slow in losing their anisotropy (fig. 11, A), 
jnee the reagent penetrated these regions slowly. When fibers which 
had lost much of their birefringence during swelling in cuprammonium 
olution were placed in water, some of the original birefringence of 
he fibers, as well as some of their fibrillar appearance, was restored. 
The occurrence of balloons in depectinized fibers was somewhat sur- 
rising, since experiments by ourselves and by others indicated that 
‘primary wall plays an important role in the formation of balloons. 
\ccordingly, the phenomenon was studied further, especially in depec- 
zed fibers from which the wax and pectic substance had been re- 
noved. The optimum concentration of cuprammonium hydroxide 
solution for observing balloons in these fibers was between 15 and 20 
wreent (1.5 to 2.0 ml of the reagent diluted to 10 ml by the addition 
fconcentrated ammonia). When depectinized fibers were placed in 
these solutions they often swelled unevenly along the axis, thereby 
siving rise to balloons (ig. 11, Band @). The expanded portion of 
the balloons almost invariably occurred between the points at which 
the fibrils reversed, whereas the reversal points themselves formed the 
onstrictions between adjacent balloons. Fragments of depectinized 
bers which showed no extinction bands usually swelled without the 
rmation of balloons, and the direction of the fibrils was found to be 
mstant. Beeause of the orientation of the cellulose within the fiber, 
he greatest swelling occurs perpendicular to the fiber axis, while at 
the same time there is an actual decrease in fiber length. As these 
changes in length and in width take place, the winding assumes a more 
iransverse position (fig. 11, B) and becomes clumped at the constric- 
tions. However, the uniform lateral expansion of the fiber is hindered 
somewhat by this same winding which does not expand freely in that 
direction. Accordingly, the winding also appears to exert a constrict- 
ing influence on the swelling of the fibers. 
It has been recognized that the primary wall is responsible, at least 
n part, for the formation of balloons. The rupture of this wall into 
i series of constrictions which restrains the expanding cellulose has 
irequently been deseribed. Furthermore, fragments of raw fibers which 
show uniform optical characteristics often produce many balloons 
is swelling occurs, whereas similar fragments of depectinized fibers 
do not produce balloons. When balloons are formed in raw fibers the 
cellulose fibrils may push through the winding and the primary wall, 
‘0 that a constriction consists of a clump of the winding as well as of 
portion of the primary wall (fig. 11, 2). Thus the above experiments 
suggest that the irregular swelling along the fiber axis, which fre- 
quently results in balloon formation, is dependent in part on the 
orientation of the fibrils and in part on the constricting influences of 


the winding and of the primary wall. 
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OBLIQUE-INCIDENCE RADIO TRANSMISSION AND THE 
LORENTZ POLARIZATION TERM 


sy Newbern Smith 


ABSTRACT 


on an electron in an ionized medium may be written @+4-4araP yu 
e, where & is the eleetrice force, P the polarization of the medium, and a 
which is zero on the Sellmeyer theory and may have a value of 1/3 o1 
, theory. A well-defined distinetion exists between maximum usable 
; for ionospheri¢e radio transmission calculated on the basis of the two 
This paper deseribes a type of experiment for measuring maximum 
uencies and comparing them with calculated values. ‘The resul 
hat a is probably zero, at least in these experiments. There is also 
tep-by-step method of solving the virtual-height integral equation, 
nuch tl eore tical work concerning the ionosphere 
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I. INTRODUCTION 


question whether the foree on an electron in an ionized medium 

iid be taken as merely the applied electric force, “, or the so-called 

ntz foree, & -+-4raP {1],' where P is the polarization of the medium 

nd a is a constant which is usually taken as 1/3, is of fundamental 

portance in the theory of the ionosphere. The two theories are 

wn, respectively, as the Sellmeyer theory and the Lorentz theory, 

d the difference between them represents a difference of 50 percent 
n the equivalent electron density in the ionosphere. 

The argument had apparently been settled in favor of the Sellmeyer 

ory ina comprehensive theoretical paper by Darwin [2], when the 

‘hole question was reopened by a radio experiment of Booker and 
erkner [3], which they were able to interpret only in terms of the 
Lorentz theory. In Australia, Martyn and Munro [4] explained the 
wne kind of radio expe riment in terms of the Sellme ‘yer theory, but 
\ppleton, Farmer, and Rateliffe [5] in England attacked this inter- 
pretation, 

The radio experiments referred to were all performed at vertical 
neidence, in the neighborhood of the gyrofrequency, or wenn 
irequency of electrons in the earth’s magnetic field (about 1.4 Me/s). 
Che purpose of this p iper is to present the results of a "iffe rent kind 


m brackets indicate the literature references at the end of this paper 
105 
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of radio experiment—one involving ionospheric transmission aa rad 
waves over a distance at oblique incidence, at a high frequen: 
during the daylight hours. 


COSINE 9, 
FicgurE 1.—Oblique-incidence relations for Sellmeyer and Lorentz theorii 


e =height of equivalent triangular path, a=1/3 
2,=height of equivalent triangular path, a=0 (equal to virtual height at equivalent vertical-ir 
frequency 
f=equivalent vertical- incide nce freque ney, a=1/3 
f’ cos ¢1=equivalent vertice al-incidence frequency, a=0 
ngle of incidence of waves upon the ionized layers. 


Il. THEORY, NEGLECTING THE EARTH’S MAGNETIC 
FIELD 


There exists a well-defined distinction in the behavior of oblique- 
incidence radio transmission according to the two theories. This 
distinction is that the maximum usable frequency for radio sky-wayi 
transmission over a given distance is greater for the Lorentz theory 
than for the Sellmeyer theory. 

In two previous papers [6, 7] the author outlined a method of caleu- 
lating maximum usable frequencies and heights of reflection for 
oblique-incidence radio transmission directly from the curve of 
frequency versus virtual height obtained at vertical incidence. This 
curve will hereafter be called the (z,,f) curve, where 2, is the virtual 
height and f is the vertical-incidence frequency. The virtual heigl 
is obtained by measuring the time, Af, taken by a pulse to travel | 
to the ionosphere and back. It is given by 


cAt 20 
. f Gof) de 


where c=velocity of light, 
f=frequency of waves, 
u=refractive index of the ionosphere, 
>)>=actual level of reflection, and 
z=measured vertically upward. 
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The method of calculating maximum usable frequenci ies was based 
the simple ray theory of a stratified isotropic ionosphere, whose 
‘ive index, u’, for waves of frequency f’ was given by 


ar 

fi (1) 
where f’ is the actual wave frequency and f,?=Ne?/xrm, N being the 
nization density expressed as a function of height. 
The caleulation of maximum usable frequencies consists essentially 
n solving graphically the two equations z,=2z,/f), the (z,,f) curve for 
rtical incidence, and z,=2,(f, f’, D), the transmission equation for 
lique ine idence, eine ‘be low. Here D is the distance of trans- 
‘the wave frequency, and f the equivalent vertical-incidence 
queney, or frequency of the wave reflected, at vertical incidence, 
the same level as is the wave frequency, f’, over the given dis- 
ance, D. 

The transmission equation is found by combining the expression for 
he equivalent triangular path, obtained geometrically, with the 
<pression for the equivalent vertical-incidence frequency, f, and the 
ation between z, and 2,’, the height of the equivalent triangular 
path. 
The intersection of the graphs of the two equations gives both the 
iivalent vertical-incidence frequency, f, and the virtual height of 
ection corresponding to transmission of the given wave frequency, 
‘' over the given distance, D. The greatest value of f’ for which a 
il solution exists is the maximum usable frequency over the given 
stance. 

When the Lorentz polarization term a is included, the refractive 
ndex, uw’, is given [8] by 


, I r Ve p 
ae ene EF 


virtual height at the vertical-incidence frequency, f, is 


a(l 
iv 


ca dz) 


vhere 2) is the level of reflection, and yu is p’ with f substituted for f’. 
e equivalent vertical-incidence frequency, f, is given by 


, l—a 
f ‘cos @ —) (4) 
iad ~ PIN 1 — a cos? ?, 


¢, is the angle of incidence of the actual wave upon the iono- 


+ height, 2,’, of the equivalent triangular path may be calculated 
Ollows. Let @ be the angle between the ray path and the vertical 
the height z. Then 
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. 
. dz d 
cos @ cos 
1 py’ cos d P 
0 


This becomes, on substituting f for f’, 


a (1—a) cos? ¢,,. 
, f- Pa > fy? 
2, : l1—a cos* oF ‘. 
ie i de, 
R f—(1—a)f,? 


To obtain the transmission equation ,we get geometrically the value of 
2,/=2,'(D, $1). 


We then insert in eq 6 the value of ¢, obtained from eq 4 in terms of ; 
and f’, and multiply z,’ by the ratio z, : z,’ determined by comparing 
eq 3 and 5. 
This analysis has been made for a flat ionosphere, but may | 
extended to a curved ionosphere in the manner indicated in reference {7 
For a=1/3, the ratio f’/f is greater than for a=0, and so the way 
frequency, f’, corresponding to a given f and 2z, is in general greater 
If z, were equal to 2z,’, therefore, the calculated maximum usable 
frequency would be much greater for a=1/3 than for a=0, the dif. 
ference increasing with the angle of incidence, ¢,.. We must, however, 
examine the relation between z, and z2,’.. Now z is a function of f? 
so if we put r= f,?/f? we may rewrite eq 3 and 5: 
r 
=a | (az)? dz 
x dx 


y1-; tar 


1 ; 
7 , (1—a) cos’? d 
ae i-a l T a oma $ lr = 
“o l—a cos’ ¢,° dz 
ae “dy: 
0 \ ] -(] =—1)2 da 


Equation 7 gives z, as a function of f? and eq 8 gives z,’ as a functio’ 
of f? and cos ¢,, so that z,/z,’ may be expressed as a function of / 
and cos ¢,. 

The ratio z,/z,’ is, for a=1/3, in general less than unity, that is, les 
than the value it had for a=0. This tends to decrease the calculat 
maximum usable frequencies. To what extent the decrease due to this 
effect compensates for the increase due to the greater ratio of f’/f mus 
be determined in individual cases. 

Let us first consider the case of a linear gradient of ionizaty 
density, where z=kf,?. Here dz/dr=kf? and the determination | 


z,and z,’iseasy. We obtain 
l “a 
tan! 
ya(1—a) Vi-a 


ly- 


>l— ot J — a tan-! |. ee 
me 2 Va cos? (1—a cos? ¢) "VY ia cos? ¢; 
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wure 1 shows the ratio of z,’/z, for a=1/3, which is the same as the 
ratio of 2» for a=1/8 to z,’ for a=0, plotted against cos ¢;. It shows 
also the ratio (f’cos 9,/f)* for a= 1/3, which is the same as the square of 
the ratio of f for a=0 to f for a=1/8, plotted against cos ¢,. The two 
ratios are equal at about cos ¢,;=0.8. This means that, for the 
stance corresponding to this value of cos 0, the wave frequency 
responding to reflection at a point on the linear part of a (2,,f°) 
yrve is the same for a=0 as for a=1/3. At shorter distances the 
ive frequency is less, and at greater distances it is greater, for a=1/3 
than for a=0. 
If the (2,,f*) curve curls up, as happens near a critical frequency, 
Fan inerease in the height of the equivalent triangular path has rela- 
tively less effeet than in the case of a linear (z,,f*) curve. This means 
relative increase in the wave frequencies calculated for points on a 
irve near a critical frequency. Thus it may be expected that the 
iimum usable frequencies calculated for an actual distribution of 
nization density will be, for a=1/3, equal to or less than those cal- 
lated for a=0 only for very short distances. Elsewhere they will 
rreater, and may become as much as 20 percent or so greater, at 
‘greater distances, than in the case where a=0. The calculation 
Smust in general be made for each individual distribution of ionization 
S density. 
The calculation can be made for a general distribution of ioniza- 
tion by assuming the (z,,f*) curve to be made up of a number, m, of 
Flinear intervals. In the nth such interval the ionization density, 
Frepresented by fo’, is assumed to vary between f,? and f,,,7, while the 
Flieight varies from 0 to z,. In this interval, then 


Fn—1" 


f, 2 <n- 
Jn—l 


dz lic ™ 
dz Tn "Y te" 
lis constant over the interval, so that eq 7 becomes 
i itm 
Ze 3 (1 +-ax)? 
i. 3 ei $n 
Past a 


}- ar 


dr, 


und eq 8 becomes 


(1—a) cos? ¢, 
—27 


m = i /; +a | . rs 
sis ae a - COS* oy 
f*>*\ = - \ dy. (12) 
; 2 ty ‘ge Sn—1? / l _ (1 a)r 
p 


n=1J)n 


Each of the integrals in the summation represents a part of the 

complete integral from 0 to 1/(1—a) and may be readily evaluated 
ora given a and cos ¢;. Both eq 11 and 12 are linear in z, and may 

easily be evaluated. If we know only the (2,,f) curve, eq 11 may be 

\urned inside out and the known values of z, used to form n equations 

‘ “ n unknown values of z,, which can then be substituted in eq 12 
) Obtain Z,’. 
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Calculations of the maximum usable frequencies for /- and F, -lay 
transmission were made, using this method, for a=0 and a=1/3. 
typical distributions of ionization density. The ratios of the maxi: 
usable frequency for a=1/3 to that for a=0 are plotted, for vario 
values of distance D, in figure 2. The solid graph is for Fy-layer q 
the dotted for #-layer transmission. 

For -layer transmission, it is seen that the maximum uss! 
frequencies are not much greater for a=1/3 than for a=0 until ; 
distance of transmission exceeds about 500 kilometers. For gregto 


Tororo 2000 


DISTANCE IN KILOMETERS 


Figure 2.—Ratios of maximum usable frequencies for a=1/8 to those for a=0, for 
E- and F,-layer transmission. 


distances the maximum usable frequencies for a=1/3 are higher than 
those for a=0, becoming about 17 percent higher at the greate 
distances. 

For #-layer transmission the ratio of maximum usable frequency 
for a=1/3 to that for a=0 rises much more rapidly with distance than 
in the case of /)-layer transmission, and attains a somewhat greater 
value. 


III. EFFECT OF THE EARTH’S MAGNETIC FIELD 


The calculations so far have not included the effect of the earth’ 
magnetic field. Since this field may affect considerably some high- 
frequency transmissions, it is necessary to consider its effect. Accort- 
ingly calculations were made for the transmission path and frequency 
for which experimental results are given below. 

The transmission path was practically perpendicular to the magnet 
meridian, and was about 650 km long. ‘The earth’s field was assumed 
to have an intensity of 0.5 gauss, and a dip of 70°. For a frequency 0 
6.06 Me/s, and a vertical-incidence virtual height of 130 km at thi 
equivalent vertical-incidence frequency, table 1 gives the calculated 
oblique-incidence data. These were calc ele on the basis of # 
average distribution of ionization density in the EF region, using the 
magneto-ionic equations as published by Booker [9]. 
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Tasip 1.—Calculated oblique-inctdence data 


F, at Equivalent) Vertical- 

Earth's Value of level of Angle of vertical- incidence 
field a of reflee- incidence | incidence critical 

tion frequency | frequency 


Mc/s | Degrees | Me/s 


| Me/s 


2. 34 
2.20 
2. 31 


The table gives, for a=0 and 1/3 and for /J=0 and 0.5 gauss, the 
‘onization density at the level of reflection, the angle of incidence of the 
waves Which traverse the given path, the equivalent vertical-incidence 
frequeney, and the vertical-incidence critical frequency which cor- 
responds to a maximum usable frequency of 6.06 Me/s over the given 
path, via /-layer transmission. It may be seen that the inclusion of 
he earth’s field where a=0 makes a difference of but 2.0 percent, and 
where 1/3 a difference of but 1.0 percent. The inclusion of the 
polarization term, however, makes a difference of 15.1 percent where 
H—0 and 14.2 percent where //=0.5 gauss. 

Thus it should prove easy to decide between the Lorentz and 
Sellmeyer theories by measuring the vertical-incidence -layer 
critical frequency at the times when the oblique-incidence /-layer 
transmission begins and fails. The oer error should be con- 
siderably less than the difference between the two theories, either for 
calculations based on 70 or for closer calculations based on H=0.5 
The calculations for east-west transmission may be made for 

//=0 with an error much less than the probable experimental error. 

A recent analysis has been published by Ratcliffe [10] for a para- 
» bolic distribution of ionization density in the ionosphere. The curves 
and discussion he gave for oblique-incidence radio transmission indi- 
ated little difference between the results for a=0 and a=1/3, es- 
pecially for long-distance transmission via the F layer. Indeed, he 
s stated that the difference would be greatest for a transmission distance 


® of about 500 km. 


The curves of figure 2 make this statement appear in error. It 
eseems likely that Ratcliffe was misled by making calculations only for 
FE ranges below about 700 km, as published in his paper, for it is obvious 
Fiat the greater separation between the two cases comes for consid- 
Ferably greater distances. It is possible, moreover, that the assump- 
tion of a parabolic distribution might also tend to lessen the difference 
pat the shorter distances. 

» The results of the step-by-step analysis of typical E- and F-layer 
pcurves indicate the nature of the difference in maximum usable fre- 
F quency according to the two theories. 


IV. EXPERIMENTAL OBSERVATIONS 


There is thus a clear distinction between the Lorentz theory 
\=1/3) and the Sellmeyer theory (a=0) in the case of radio waves 
incident obliquely upon the ionosphere. It should therefore be pos- 
sible to decide experimentally between the two theories. 


7 
if 
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There are available considerable published data on oblique-incidey, 
radio transmission [11, 12, 13, 14, 15]. Experiments involving + 
E layer, which, as shown by figure 2, should provide conelysiy, 
results for relatively short transmission distances, are for the mos 


part unreliable, usually because of the presence of sporadic-E refi. 


tions above the true /-layer critical frequency. Such an experimey; 
was attempted by Farmer and Ratcliffe [11], with somewhat jneop. 
clusive results. Experiments involving the F) layer have for +) 
most part been conducted over distances of less than 600 kilometers 
They are subject to the difficulty that ionosphere conditions at || 
point of reflection are much more uncertain for the F layer than fy 
the # layer. Also, the difference between the two theories wou); 
produce a discrepancy of but a few percent, which is of the sam: 
order of magnitude as the uncertainty of ionosphere conditions 4 
the point of reflection. Much of the published data on radio traps. 
mission, therefore, is of little use in deciding whether a0 or 1/3. 

Since September 1935, the National Bureau of Standards has mai 
continuous automatic field-intensity records of numerous radio sj. 
tions. Results are available for the whole period from 1935 to 194 
for high-frequency international broadcasting station WS8XAL (late 
WLWO), 6.06 Me/s, at Mason, Ohio, 645 kilometers distant. Som 
results of these recordings were presented in a paper before the join 
meeting of the International Scientific Radio Union and the Instity 
of Radio Engineers at Washington in April 1936, and other results 
have been used by investigators at the Bureau in studies of th 
ionosphere [16, 17]. 

The transmissions from WS8XAL to Washington were propagate 
normally by way of the # layer during most of the daylight hour 
and by way of the F layer at other times. The transitions from F- 
E-layer transmission in the morning, and vice versa in the afternoon 
were often well marked, since the vertical radiation pattern of th 
transmitting antenna was such as to provide substantially great 
radiation for single-hop E- than for F-layer transmission. T! 
transitions have been identified on a great many records by th 
following facts. (1) The regularity of occurrence of the change 
intensity and character of fading on the records corresponds to t! 
regularity of the diurnal and seasonal variations of the Flay 
critical frequency. (2) There was a complete absence of any reguli’ 
sudden change in local ionosphere characteristics (critical frequency 
virtual height, or absorption), except for the H-layer critical {r- 
quency, at the time of the change on the record. (3) The beginning 
of propagation was observed when no other ionosphere layer but ti 
E layer had sufficient ionization density to support transmission (i 
during the mornings of ionosphere-storm days). (4) The change 0 
the record nearly always occurred about 15 minutes after the loci 
E-layer critical frequency rose or fell through about 2.45 Me/s._ This 
time difference is the difference between the local times at Washingto 
and at the midpoint of the path fom W8XAL to Washington. — _ 

Figure 3 shows four examples of the change of layer on the W8X.L 
records. The record of May 12, 1938, was made when a seve! 
ionosphere storm had considerably depressed the critical frequent 
of the F; and F, layers. At the time when good transmission begat 
none of the layers except the E layer had even nearly enough ioni2- 
tion tosupport transmission. Records of February 21 and 22, 1938, We! 
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made during a period when the night and morning F-layer transmis 
sions from WSXAL were greatly absorbed. The transitions here an 
seen to be quite sharply defined and symmetrical about local et 
the midpoint of the transmission path. The record of March 13, 193 
is typical of most of the normal W8XAL records on which the trays 
tion can be seen. The transitions are not quite so sharp, but gp, 
easily identifiable, and,the times may be measured within a few : 
utes. In the files of the National Bureau of Standards are 1] record 
similar to that of May 12, 1938, 13 similar to those of February 2 
and 22, 1938, and several hundred showing the transition like that of 


we hey 


March 13, 1937. 
For the average regular distribution of ionization in the layer 


a maximum usable freque ney of 6.06 Me/s over a distance of 645 ky 
corresponds to a vertical incidence te? of about 2.40 Me/s for a 
and 2.10 Me/s for a=1/3. The midpoint of the great-circle pat) 
between WSXAL and Washington is almost due west of Washineto 
and the distance is short enough so that the fg° may be considered y 
function of local time only. ‘Therefore the W8XAL transmissions g: 
well adapted for deciding the value of a. 

Since the EF layer at the time of these observations is known to }) 
chiefly electronic in character, it would seem that the presence of 
heavy ions cannot be invoked to explain a value of a different fro 
1/3 or 0. Also, it should be noted that it takes about 32 minutes fo; 
the fg° to rise in the morning, or fall in the evening, between 2.06 ani 
2.40 Me/s. Also, the £? reflections were so absorbed at these times 
on the records analyzed, that there can be no question of confusing 
E°- with E*-layer transmission. 

Table 2 shows the result of comparison of 13 records, in each of 
which at least one transition was as well-defined as in the record o 
February 21 or 22 of figure 3. The values of a corresponding to th 
observed ratio of maximum usable frequency to vertical-incidenc 
critical frequency are tabulated. In calculating these values of « 
an average distribution of /-layer ionization was used instead of thi 
actual distribution for each day, which varied somewhat from day t 
day. This may account for some of the variations in a. 

The average — of a deduced from the 19 transitions listed 1 
table 2 is —0.02, or —1/50, as against the theoretical value of | 
This value of a is ne believed to be significantly different from zer 

A number of ionosphere storm days were studied, when no laye 
other than the E layer was sufficiently ionized, in the morning, to 
produce transmission. The transitions on many of these days wer 
obscured by sporadic-E reflections. The mean value of a@ calculated 
on 7 days when the transition could be easily identified was —0.005 
again not significantly different from zero. 

“Because of the great number of the records showing well-marked 
transitions which were not quite so clear as those just mentioned, the 
transitions on these records were studied statistically, rather than 
individually. The monthly averages of the morning and evenilg 
transition times were obtained, and the monthly average f° at this 
time was determined from the vertical-incidence ionosphere data. 
Table 3 shows the average values of fg° at the midpoint of the trans- 
mission path, at the times when #-layer transmission began and 
failed, and the corresponding values of a. The mean value of 4 
deduced from 435 transitions studied in this group, was —0.06, 
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‘in not signific ‘antly different from zero. The negative value of a 
bably means that the height of the / layer was slightly greater 


than that assumed as an average. 


pac: 


ro 


Values of ‘‘a’’ calculated from value of local fx at time of change of layer for 
WSXAL, 6.06 Mc/s, 650 km distant 


Dats Local fg in Me/s Calculated value of a 


February | 
1938) A. M. P.M. | A.M. 





Mean values of ‘‘a’’ calculated from values of local fx at time of change of 
layer for WSX AL, 6.06 Mc/s, 650 km distant 


Morning transition Evening transition 
Month a : 


Time Time 


0703 
0738 
November 0810 
December 0831 





1937 


ebruary 0805 
March 0726 
0637 

0604 


c 
ee, 
oI 
E 
| 
| 








V. CONCLUSIONS 


= for the cases considered in this paper, the data indicate that the 

| ani polarization term should not be included in the theory of 

lique-ineidence radio transmission by way of the ionosphere. Fur- 
fer experiments in different latitudes and with careful determina- 
bons of oblique and vertical-incidence penetration frequencies should 
® performed before this conclusion can be positively confirmed. 

q lt is suggested that experiments of this type, involving wide ranges 
f frequencies and reflection heights, are less conducive to misle ading 
sults and ambiguous interpretations than are vertical- incidence 
‘periments in the neighborhood of one frequency, which involve 

mewhat uncertain factors, such as the magnitude and direction of 
ie earth’s magnetic field at definite heights, and assumptions as to 
physical constitution of the ionosphere. 





[16] 
[17] 
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\iPID METHOD FOR DETERMINING ASCORBIC ACID 
CONCENTRATION 


By Myron A. Elliott,! Alfred L. Sklar,! and S. F. Acree 


ABSTRACT 


irse of investigations on the effect of citrus fruits upon the human 
t was found necessary to develop a method of determining the vitamin 
f the blood of a large number of individuals in a short time. In this 
plasma is not deproteinized but is diluted with 5-percent acetie acid 
lirectly in a specially constructed photoelectric comparator with the dye 
phenolindophenol.2. The ascorbic acid content of the plasma sample is 
from empirical calibration curves determined by adding known 
ascorbie acid to blood plasma. The comparator is operated so as to 
vutomatically for the usual variation in the turbidity and color of 
ples. While the method is quite rapid, once it is in operation, some 
be spent in preparing calibration curves. The maximum total error in 
nation on plasma samples containing from 0 to 3.5 mg of reduced 
cid per 100 ml of plasma was estimated to be +0.1 mg/100 ml. 
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I. INTRODUCTION 


‘ourse of investigations upon the effect of citrus fruits on the 
organism it often becomes necessary to determine the ascorbic 
nt in the blood of a large number of subjects in a relatively 
Only by investigating a large group of test cases and 
her large group of controls can the effect of random statistical 
tuations and individual idiosyncrasies be made small. The time 
uted by the necessity of performing the determinations on the 
* group of subjects within the same fasting period and by the 
stability of ascorbic acid ° in the presence of atmospheric oxygen [1].‘ 
iemical rather than a biological method must necessarily be 
sod when speed of analysis is desired. The most specific and generally 
ppicable reagent for ascorbic acid in use at present is the dye 2,6- 
uorophenolindophenol [2].5 Tillmans [3] showed that the reducing 
‘in food that could be determined by titration with 2,6- 
Tch Associates at the National Bureau of Standards, representing the Florida Citrus Commission. 
Nur also called sodium 2,6-dichlorobenzenoneindophenol. 

paper the words ‘‘ascorbic acid”’ always indicate the unoxidized compound. 

I brat kets indicate literature references at the end of this paper. 
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dichlorophenolindophenol was approximately equal to the repoy; 

vitamin C content of the food. The identity of vitamin C wi 
ascorbie acid was established by Waugh and King [4]. Tillmans any 
his associates [5], Harris and his associates [6] and Bessey and K; 

[7] showed a close correlation to exist between the reducing power , 
plant and animal tissues on 2,6-dichlorophenolindophenol and 4 
biological assay of the vitamin C content of these tissues. King {¢ 
has given additional evidence to support the view that a proper! 
conducted titration of natural products with the dye 2,6-dichlorod 
phenolindophenol gives a reasonably specific test for vitamin C, Tj 
dye has been used regularly to titrate ascorbic acid in blood plasm 
[9, 10]. 

A simplification of existing methods for determining ascorbic q¢ 
in blood plasma by working directly upon the plasma without pre 
viously subjecting it to a deproteinization [9, 10] is introduced in ¢) 
present paper. The time-consuming procedure of deproteinizing {| 
plasma is open to the objection that some of the ascorbic ac; 
occluded by the precipitated proteins and is furthermore subject { 
atmospheric oxidation during the manipulations [11]. The primar 
purpose of the deproteinization is to obtain a clear solution for titrat 
ing or for absorption measurements in the photoelectric comparator 
However, it has been shown [12] that turbid and colored solutio; 
can be used, in general, with a photoelectric comparator for deter 
nations of ascorbic acid with 2,6-dichlorophenolindophenol. | 
shown in the present paper that when proper calibration curves hay 
been made it is possible to determine directly the ascorbic acid co 
tent of blood plasma. Such analyses of the plasma are complicated 
however, in about 5 percent of the samples by exceptional turbidity 
which renders the determination less accurate. These samples may 
be analyzed by preparing special calibration curves, as discussed later 
or by one of the longer chemical precipitation and extraction method 
[9] if an accurate determination is necessary. Since the approximate 
determinations showed the ascorbic acid content to be uncorrelate 
with exceptional turbidity, these cases can merely be omitted in: 
study involving large numbers of analyses. It was observed that t! 
number of plasma samples having excess turbidity was greater dur 
ing the winter months, at which time the experiment was started, tha 
later during the summer. From 5 to 10 percent of the samples wen 
excessively turbid during February and March but less than 1 per 
cent in May and June. 

The amount of turbidity in blood samples is lowered if they ar 
taken as long a time as possible after meals and the diet of the sub 
jects is not too high in fats. No difficulties with hemolysis were exper! 
enced when the proper technique was used for obtaining the bloo 
samples. If the samples are taken with a syringe, it is advisable t 
remove the needle from the syringe before the sample is transferte’ 
to a centrifuge tube in order to avoid rupturing the red blood cel 
by forcing them too rapidly through the needle. If the blood samp! 
is stirred or shaken, these operations should be very gentle. The tu! 
in which the sample is collected should be dry, except for 2 drops 
a 20-percent solution of potassium oxalate. 
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II. APPARATUS 


The photoelectric comparator was constructed in this laboratory 
ng lines generally in use and is similar to one described by Evelyn 
ha) It differs only in the light source, filters used, and control of 
b. galvanometer deflection. The light source (A, fig. 1) was a 
-volt, 60-watt, clear, daylight, straight-filament, Mazda lamp 
1-19, CC-b). The power was supplied through a constant-voltage 
onlator® (R) which kept the fluctuations of intensity of the light 
uree to less than 1 percent when used on the regular a-c supply 

The image of the filament was focused through a condenser 

B), through the filter (fF), and the absorption cell (C) on the 
yotoeleetric cell (D). The absorption cells were carefully selected 


| 
| 
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} 
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ene 


; 1.—Schematic diagram of photoelectric comparator used for ascorbic acid 
analyses. 


alipered test tubes of 1-inch outside diameter by 6 inches long. When 
led with a standard colored solution and rotated to a calibrated 
ition marked on each test tube, the transmissions differed by less 
in 1 percent. This calibration took care of minor variations in 
ill thickness and roundness of the tubes. The photoelectric element 
isa Weston barrier-layer photronic cell, model 594, type 1. The 
ilvanometer (@) was a Rubicon “spotlight” galvanometer having a 
ol resistance of 1,100 ohms, sensitivity of 0.005ua/mm, and critical 
limping resistance of 10,000 ohms. In figure 1, (/) is a 100-ohm 
\de-wire resistance by means of which the sensitivity of the gal- 
uometer can be controlled without appreciably affecting the exter- 
il resistance in series with the photronic cell. This method of con- 
vling the deflection of the galvanometer has an advantage over the 
wthod which regulates the temperature of the filament of the light 
uree [13] because, unlike the latter, it does not change the spectral 
tribution of the energy transmitted by the filters. In figure 1, (/7) 
atesistance used to effect critical damping of the galvanometer. 
The light from the source passed through a yellow Wratten filter 
‘\0. 12) and then through a medium-blue glass filter before entering 
ue absorption cell. The filter system, consisting of the two filters 
ul the blue bulb, passed a spectral band with a transmission peak at 


+ 


‘neon, 120-watt voltage regulator. 
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540 my and a width of 85 my at half peak. The band cut off sharp), 
on the short-wave side, but tailed off on the long-wave side. The dyo 
2,6-dichlorophenolindophenol has in the acidified solution used in thi 
work, a maximum absorption at 520 my and a half-peak width of 
140 my, so that the light passed by the filters falls well within the regioy 
that the dye absorbs sensitively. The fraction of incident energy 
absorbed by a 1-in. layer of the blood plasma itself, in the dilution 
used, is about 10 percent at 600 my and increases to 25 percent at 
515 my and 50 percent at 470 my. The filters were, accordingly. 
chosen to pass a spectral band toward the long-wave side of the region 
absorbed strongly by the unreduced dye (at pH 3) in order to have 
minimum of absorption by the plasma solution alone. 

Filter systems transmitting more nearly homogeneous energy than 
that just described may be used with this comparator if some changes 
are made in the instrument. In some later work, the clear daylight 
lamp used as the light source was replaced by a colorless clear-bul} 
lamp of the same wattage and type, and a flat mirror was placed clos 
behind the lamp so as to reflect a second image of the filament through 
the condensing lens. The 100-ohm slide-wire resistor (E, fig. 1) and 
the 100-ohm resistor, both in series with the photronic cell, wer 
replaced by a 1,000-ohm slide-wire resistor with a vernier adjustment. 
The filter system consisted of the Corning glass filters No. 429 (me- 
dium-shade, blue-green) and No. 352 (H. R. Noviol) before the absorp- 
tion cell and Wratten gelatin filter No. 62 (mercury green) betwee 
the absorption cell and the photronic cell. This filter combination 
gives a transmission peak at 530 mu and a width of 28 my at half 
peak. An all-glass filter combination suggested by Corning Glass 
Works and consisting of their filters Nos. 352, 430, and 502 may also 
be used. This combination has a transmission peak at 518 my and a 
half-peak width of about 32 my. The substitution of the 1,000-ohn 
resistance for the 200-ohm resistance in series with the photronie cell 
will mean some sacrifice in the linearity of the response curve of the 
cell, even at the low radiant-flux densities used here. This situatio 
-an be improved, if necessary, by using a more sensitive galvanomete! 
and leaving the resistance in series with the photronic cell at 200 ohms. 
One of the Rubicon high-sensitivity “spotlight”? galvanometers could 
be used for this purpose. Their “spotlight” galvanometer, having 
critical damping resistance of 40,000 ohms and a sensitivity of 0.0006 
ya/mm, happened to be available and was found to be satisfactory. 
However, with the circuit shown in figure 1 their “spotlight” galva- 
nometer having a critical damping resistance of 10,000 ohms and 
sensitivity of 0.0015 ya/mm would be better, both in sensitivity and 
period. The sensitivity of the photocell was improved by the use 
of one of the latest type barrier-layer photoelectric cells in the 
comparator. 

The stock solution of 2,6-dichlorophenolindophenol was prepared by 
dissolving 100 mg of the dye crystals in warm distilled water, filtering, 
and diluting to 200 ml. The dye solution was kept in a refrigerator 
when not in use, and a fresh solution was prepared every few days. 
This was necessitated by the fact that after standing for 1 or 2 weeks 
(especially if warm) the dye is not quite completely bleached from 
reduction by ascorbic acid. 


a 
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Ili. PROCEDURE 


[In determining the concentration of ascorbic acid, 10-ml samples of 
blood were collected in centrifuge tubes containing 2 drops of a 20- 
nercent solution of potassium oxalate. After very gentle stirring, 
the blood was centrifuged for 10 minutes. Three (or, if necessary, 
;wo) milliliters of plasma was then transferred to a colorimeter cell 
and 15 (or 16) ml of 5-percent acetic acid was added, making a total 
volume of 18 ml. This gave a solution of pH 3.1. After stirring the 

Jution, the cell was placed in the colorimeter and the slide wire (2), 
which was capable of being set to 1 part in 1,000, was carefully ad- 
isted to give a deflection of 100 on the galvanometer. This pro- 
edure compensates for differences in the transmission of the original 
plasma samples, so that they may all be referred to the same calibra- 
‘ion curve. The solution was then quickly poured into a test tube 
ontaining 1 ml of standard dye solution and at once poured back 
nto the absorption cell. These mixing operations were performed in 
about 3 seconds. The galvanometer deflection can be read at any 
lesired time intervals after 10 seconds from mixing, 20 seconds being 

opted as the standard time necessary to allow the reaction to take 
ne between the dye and the ascorbic acid in the plasma solution. 
~The chemical reaction is represented by the following equation: 


HOCH 
CH,OH CH20H 


Ascorbic 2,6-Dichlorophenolindophenol Dehydro- Reduced indicator 
acid. (blue in alkali, red in acid). ascorbic (colorless). 
acid. 

The determinations were made on groups of 20 samples. All the 
reagents were added in a uniform manner from transfer pipettes with 
enlarged tips and equipped with rubber bulbs. The necessary chemi- 
cals were added to a battery of 20 absorption cells while the first 
batch of blood samples was being centrifuged. A second batch of 
samples was centrifuged by the time the preceding batch was analyzed 
und the absorption tubes were again prepared. The operation was 
thus continuous and minimized the length of time during which the 
blood samples were kept. The analysis of a batch of 20 samples was 
completed within 40 minutes after they were taken from the ice box. 
The plasma samples originally were placed in the ice box within 10 
minutes after they were collected, and the period of standing in the 
ice box was never more than 3 hours. The plasma was alwi ays re- 
moved from the centrifuge tube and acidified within 10 minutes after 
iis separation from the whole blood. The stock dye solution was 
diluted to one-fourth (dye 4) its original strength when used for deter- 
minations on plasma with concentrations of ascorbic acid from 1 to 
2 mg/100 ml, and to one-eighth (dye 8) of its original strength for 
plasma containing less than 1 mg/100 ml. The amount of ascorbic 
acid in the sample was read directly from the calibration curves in 
mg/100 ml of plasma. 
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IV. CALIBRATION CURVES 
1. BLOOD ANALYSES 


Figure 2 contains calibration curves prepared by various methods 
based on the use of 1 ml of dye 4 and 3-ml samples of the unknown 
solution. The data for curve 1 were obtained by adding succegsiy; 
increments of ascorbic acid to a 5-percent acetic acid solution con- 
taining no plasma and taking the galvanometer reading 20 seconds 
after mixing the solution with the dye. Curve 2 gives the results 
obtained by adding successive increments of ascorbic acid to the 
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05 1.0 15 2.0 
CONCENTRATION OF ASCORBIC ACID (MG/IOOML) 
Figure 2.—Calibration curves for photoelectric comparator, dye dilution 4. 


1, Solvent, 20-seecond reaction period. 2. Plasma, 30-second reaction period. 3. Plasma, 20-second re- 
action period. 4. Plasma, 15- to 30-second extrapolation. 5. Plasma, 10- to 20-sccond extrapolation 


solutions of acetic acid containing 3 ml of plasma free of ascorbic acid 
(see below) and allowing a 30-second interval between mixing with the 
dye and reading the galvanometer. Curve 3 is the same as 2, except 
that a 20-second interval was used instead of 30 seconds. Curve 4 
differs from curve 2 in that the galvanometer readings were taken at 
15 and 30 seconds and these values extrapolated linearly to zero time. 
Curve 5 was obtained similarly, except that 10- and 20-second readings 
were used for the extrapolation instead of the 15- and 30-second ones. 
The point designated by a star on the 100 ordinate represents the 
concentration of ascorbic acid which is stoichiometrically equivalent 
to 1 ml of the dye used. If the increments of ascorbic acid were 
totally oxidized within the time allowed for taking the readings, and 
if the plasma had no effect on the dye or on the ascorbic acid, then the 
calibration curves should all pass through the starred point. The 
fact that they do not shows that factors such as those just mentioned 
do complicate the reaction and points to the advantage of using an 
empirical calibration curve. For working with blood samples con- 
taining from 2 to 3.5 mg of ascorbic acid per 100 ml, a curve similar 
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to curve 3 but containing 2-ml plasma samples was prepared. For 
working with blood samples containing less than 1 mg of ascorbic acid 
per 100 ml, greater precision is obtained by using a more dilute dye 
solution. Figure 3 contains the calibration curve for 3-ml plasma 
samples, using the 20-second reaction period and dye dilution 8. 

The preparation of a satisfactory blank plasma, for use in obtaining 
the calibration curves, presented some difficulties. The blank should 
contain no ascorbic acid but should have as nearly as possible the 
normal amount of the slowly reacting interfering substances. The 
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FiaureE 3.—Calibration curve for blood plasma, dye dilution 8. 


blank plasma was prepared by two separate methods. The standard 
method was to titrate the fresh plasma, acidified with acetic acid, 
with dye as long as the photoelectric colorimeter showed the added 
dye to fade completely in 20 seconds. An alternative method was to 
let the plasma stand in the ice box for about 6 days and depend on 
the atmosphere to oxidize the ascorbic acid. These two independent 
methods for preparing plasma free of ascorbic acid gave samples so 
nearly the same that calibration curves prepared from them checked 
to within 0.1 mg of ascorbic acid per 100 ml of plasma. 

Figure 2 shows that the calibration curves prepared from data 
which had been extrapolated to zero time (curves 4 and 5) deviated 
considerably from linearity in the region of higher concentration, 
while curves prepared from data obtained by using a straight 20- 
or 30-second reading (2 and 3) were nearly linear and came much 
closer to passing through the starred point. Important also is the 

282024413 
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fact that the curves from the 10- to 20- and 15- to 30-second extra- 
polations have smaller slopes and hence give less sensitivity at high 
concentrations. The fact that the curves extrapolated to zero time 
are appreciably below those in which a definite reaction period was 
allowed shows that the reaction of ascorbic acid with the dye in 
blood plasma is not instantaneous. Figure 4 gives curves of gal- 
vanometer deflection versus time, for various solutions when 1 ml 
of dye 4 is added to them. These curves (and a duplicate check set 
not given here) furnish the data from which some of the points on 
the curves in figure 2 were obtained. The curves in figure 4 labeled 
0, 1, and 2 were for 3-ml samples of blood plasma, diluted with 
5-percent acetic acid in the regular manner, in which the original 
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Figure 4.—Rate of reaction of ascorbic acid with dye, dilution 4. 


‘urves 0, 1, and 2 are for ascorbic acid concentrations of 0, 1, and 2 mg/100 ml, respectively, in acetic acid, 
blood plasma solution; curves 0’, 1’, and 2’ are the same as 0, 1, and 2, respectively, except no blood plasma 
was present. 


ascorbic acid concentration was, respectively, 0, 1, and 2 mg/100 ml. 
The curves labeled 0’, 1’, and 2’ are given for comparison and were 
the same as 0, 1, and 2, except that they were made with the 5-percent 
acetic acid solution without the blood plasma present. It can be 
seen that at least 15 seconds is required for the reaction in the plasma 
solutions when the ascorbic acid concentration is of the order of | 
mg/100 ml, and at least 20 seconds is necessary when the concentra- 
tion is 2 mg/100 ml. A comparison of the curves made with plasma 
solutions with those made with 5-percent acetic acid only show that 
the plasma reduces the rate of the reaction. As the ascorbic acid 
concentration approaches the stoichiometric equivalent of the dye, 
the reaction time lengthens appreciably. However, since the blood 
plasma also contains slowly reacting interfering substances [14], the 
reaction time must be kept to a minimum. A compromise must, 
accordingly, be reached to allow sufficient time for the ascorbic acid 
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io react but to minimize the reaction of the interfering substances. 
Calibration curves prepared on the basis of a 20-second reaction time 
were used in this work, since a linear curve was obtained for the 
type of plot used in figure 2 and 20 seconds appears to be the minimum 
tyme necessary for the oxidation of ascorbic acid in blood plasma. 
An extrapolation to zero time from readings taken on a 30- to 60- 
second basis gave essentially the same results as the 20-second read- 
ings. This extrapolation has an advantage in that it takes into 
account a second-order error due to slight differences in the amount 
{ interfering substances between various blood plasma samples. 
[ts chief disadvantage in this work is that it takes an appreciably 
longer time to analyze each sample. This time factor is important 
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Figure 5.—Calibration curve for urine, stock dye solution. 





when it is necessary to analyze large numbers of samples before 
xidation by the air has a chance to affect appreciably their ascorbic 
acid content. With the method described here, two operators can 
analyze 40 blood samples in an hour. 


2. URINE ANALYSES 


The photoelectric colorimeter may also be used to determine the 
ascorbic acid in urine [12, 15], which contains many more interfering 
substances than does blood plasma. These substances are partially 
removed by precipitation with barium acetate [16, 17]. In the pro- 
cedure for urine, 4% ml of glacial acetic acid and 2 g of dry barium 
acetate are added to 10 ml of the fresh sample. After shaking, the 
sample is centrifuged and 1 to 3 ml (depending on the ascorbic acid 
contained) is analyzed in the colorimeter in the same manner as the 
blood plasmas. However, instead of the 20-second reaction time 
used for blood analyses, it is necessary to extrapolate to zero time in 
order to minimize the effect of the slowly reacting interfering sub- 
stances which remain even after the precipitation with barium 
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acetate. In these experiments a 10- to 20-second extrapolation was 
found most satisfactory. Dye dilution 4 is used for urine samples 
containing less than 2 mg of ascorbic acid per 100 ml of urine, and the 
undiluted dye is used for samples containing 2 mg or more per 100 ml. 
Here again empirical calibration curves were found to be preferable 
to the stoichiometric method. These curves were prepared by 
adding known increments of ascorbic acid to urine that contained no 
reduced ascorbic acid. Figure 5 contains the calibration curve 
prepared by using the undiluted dye and 3-ml samples of urine. The 
urine analyses may be made in batches of 20 and with about the 
same speed as the analyses of ascorbic acid in blood. 


V. SOURCES OF ERROR 


As mentioned previously, those plasma samples which showed 
excessive turbidity were discarded. They could, however, be ana- 
lyzed if separate calibration curves were made. A small amount of 
turbidity causes no difficulty, since the transmission is always adjusted 
to the 100 mark before the addition of dye. Excessive turbidity, 
however, occasionally appears in some plasma samples. If a 1-inch 
layer of a 5-to-1 dilution of plasma transmits less than 65 percent as 
much light as a 1-inch layer of water, it is here considered to be 
excessively turbid. Calibration curves prepared on_ excessively 
turbid solutions are shifted upward into the region of higher transmis- 
sion with respect to those formed on clear or slightly turbid samples, 
the shift being largest for low concentrations of ascorbic acid. The 
effect is probably not directly due to the excessive turbidity but 
rather to the absorption of dye by the colloidal particles causing the 
turbidity. An absorption phenomenon accounts for the experimental 
facts, which are in the opposite direction to what would be expected 
solely from the optical effect of a large amount of turbidity. When 
working with a turbid sample care must be taken to see that it stands 
long enough (5 to 15 minutes) after it is diluted with acetic acid for 
the turbidity to become constant with respect to time. 

The effects described above might, of course, produce small errors 
even in slightly turbid plasmas. A good test for such errors, arising 
from variation in the natural color and in the turbidity, is obtained 
by comparing the final galvanometer readings for a series of plasmas, 
free of reduced ascorbic acid, to each of which 1 ml of dye 8 has been 
added. The results on plasmas of 11 individuals taken at random are 
given in table 1. The first column gives the original percentage 
transmission, compared with distilled water, of a 5-to-1 dilution of 
plasma with 5-percent acetic acid. 


TABLE 1.— Effect of turbidity on calibration curves 
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The galvanometer is then adjusted to 100 and 1 ml of of dye 8 added, 
the resulting galvanometer reading being recorded in the second 
column of the table. The latter galvanometer readings, except for 
the errors discussed above, should all be identical. The average 
deviation of 0.3 from the mean (81.9) corresponds (see fig. 3) to an 
uncertainty of approximately 0.03 mg/100 ml of ascorbic acid in the 
undiluted plasma. 

Atmospheric oxidation of the ascorbic acid will introduce systematic 
errors if not controlled. However, in these experiments the samples 
were never kept more than 3 hours in the refrigerator nor, upon 
dilution and immediate acidification, for as much as 40 minutes at 
room temperatures. It is known [1, 9] that no appreciable oxidation 
by air takes place in 3 hours in the refrigerator. Furthermore, no 
difference in the ascorbic acid content could be detected in diluted 
and acidified plasma samples because of standing for 40 minutes at 
room temperatures. The only other possibility for oxidation by air 
is in the centrifuge and while the plasma samples are being acidified, 
especially since ascorbic acid is known to be less stable in plasma than 
in whole blood. Although appreciable oxidation of the ascorbic acid 
in blood plasma is known to take place when the plasma stands for 
more than 4 hours at room temperature [1, 18], the amount of oxida- 
tion in the 15 minutes ta!en to centrifuge and acidify a batch of 20 
samples will be small, especially since it takes a part of the 15 minutes 
for the samples to warm up to room temperature. Roe [19] has 
discussed various sources of error in his and other methods. 

Errors due to a slow fading of the dye in 5-percent acetic acid 
solution, to nonlinearity of the photoelectric-cell response, and pos- 
sible incompleteness of the reaction of ascorbic acid with dye in 20 
seconds are practically eliminated by the use of empirical calibration 
curves instead of stoichiometric equivalents. Air bubbles introduced 
by mixing the solutions cause no difficulty in the transmission meas- 
urements if the readings are taken 10 seconds or more after mixing. 

The maximum total error in these determinations of ascorbic acid in 
plasma containing 0 to 3.5 mg/100 ml is estimated as +0.1 mg/100 ml. 
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BOILING POINTS OF BENZENE, 2,2,3-TRIMETHYLBUTANE, 
3-ETHYLPENTANE, AND © 2,2,4,4-TETRAMETHYLPEN- 
TANE WITHIN THE RANGE 100 TO 1,500 MILLIMETERS 
OF MERCURY 





By Edgar Reynolds Smith 


ABSTRACT 


By the comparative method of Swietostawski, with water for the reference 
andard, data were obtained from which were developed the following equations 
to express the relationship between temperature, and vapor pressure in the range 
of pressures from 100 to 1,500 mm Hg. 
For benzene, 
1211.215 
logiop = 6.905216 — — « 
= 220.870-+t 
For 2,2,3-trimethylbutane, 


1204.997 
logiop = 6.799682 — : 
Buf 226.615-+1 
For 3-ethylpentane, 

__1249.825 

219.595+¢ 

For 2,2,4,4-tetramethylpentane, no convenient single equation was found to 
fit the data with satisfactory accuracy over the entire range of pressures. By 
dividing the data into two ranges, satisfactory reproduction was obtained with 
the following equations: 


logiop = 6.873058 — 


(a) From 100 to 450 mm, 


231.62 
hints. 


204.975 +t 
(b) From 4380 to 1,500 mm, 


1368.925 
logiop = 6.860684 — 221.679-+-t 


In these equations, p is the vapor pressure, in standard millimeters of mercury, 
exerted by the substance at the temperature ¢ in degrees centigrade. 


The method, apparatus, and procedure used in this work have been 
described in a previous paper [5]. 

From observations at various pressures of t,, the boiling point of 
the substance under consideration, and t,, the corresponding boiling 
point of water, the constants of equations of the type 


t=at+btyt+ct*, (1) 


were determined by the method of least squares. For 2,2,4,4- 
tetramethylpentane, however, the simple quadratic form of equation 
was insufficient and an additional cubic term was found necessary to 


! Figures in brackets indicate the literature references at the end of this paper. 
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reproduce the data with adequate accuracy. Using the equations 
thus obtained, values of t, corresponding to a series of reference 
values of f, in the measured range were computed. The reference 
values of t~ and the corresponding reference pressures adopted for 
comparative ebulliometric measurements over the range of 100- to 
2,000-mm pressure have been previously tabulated [5] and were taken 
from the compilation by Osborne, Stimson, and Ginnings [3]. 
The computed values of t, at these reference pressures were used 
to obtain a relationship of the form 
b (2) 
r yp—A— = é 
log P A C+t 
which is explicit in either temperature or pressure. The symbol 
‘log’ is used to denote the logarithm to the base 10. Also 


b(log 760—log p) 
(A—log 760) (A—log p)’ 


t,—t= (3 
in which ¢, is the normal boiling point and ¢ is the boiling point at the 
pressure p. Equation 3 is useful for calculating the normal boiling 
point from a boiling point measured at any pressure within the range 
for which eq 2 is applicable. 

The benzene used for the measurements was the fifth fraction from 
a fractional distillation described in a former paper [6]. The 2,2,3- 
trimethylbutane, 3-ethylpentane, and _ 2,2,4,4- tetramethylpentane 
were supplied by D. B. Brooks, of the Automotive Power Plants Sec- 
tion of this Bureau. Their preparation and properties have been 
described in other papers [1, 2]. 

Temperatures were measured to 0.001° C., and the equations ex- 
pressing the data are given so that calculations may be made with 
them to that precision. The accuracy of the results, however, de- 
pends on the purity of the measured substances as well as on the 
method of measurement, calibrations of instruments, and experimental 
technique. From the methods of preparation and the observations as 
to the behavior of the substances with respect to distillation and freez- 
ing, which are given in the references cited, it is evident that all the 
substances were of a high degree of purity. However, no quantitative 
estimates of their purities are possible and no exact measure of the 
accuracy of the results can be made. It is believed that the results 
are accurate to better than 0.01°. 

Benzene.—The measured corresponding boiling points of benzene 
and water are given in table 1. The expression for the boiling point 
of benzene as a function of the corresponding boiling point of w vater is 


t= — 26.8739 +-0.979949t,, +0.00089772t,,. (4) 


The average deviation of the 16 measurements from eq 4 is 0.004° 
and the greatest deviation is 0.009°. The normal boiling point cal- 
culated from eq 4 is 80.098°. The difference between this and the 
value of 80.094° reported in an earlier paper [6] on measurements over 
the more limited range of 660 to 860 mm is just equal to the average 
deviation of the experimental values from those calculated by eq 4. 
This agreement is adequate. The temperatures calculated from eq 4 
for the standard reference pressures are given in the second column 
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of table 5. The equation found to represent the pressure-temperature 
relationship 1s 


1211.215 


log p=6.905216— 355 979 it 


(0) 
and reproduces the data given in the first and second columns of table 
5, with an average deviation of 0.04 mm and a greatest deviation of 
).28 mm at the highest pressure. Values of the vapor pressure of 
benzene caculated by eq 5 for 30, 40, 50, 60, 70 and 80° C. yield an 
average deviation of 0.15 mm from the values tabulated by Scatchard, 
Wood, and Mochel [4] from their measurements on benzene over this 
range of temperatures. The equation 
D RRR —_ 

t, =t+ 300.968 2:380814 —log p) 

(6.905216—log p) 


may be used to calculate the normal boiling point of a sample of 
benzene from the boiling point measured at any pressure in the range 
of 100 to 1,500 mm. 


TABLE 1.—Corresponding boiling points of benzene and water 





= ; } ‘ : 
Boiling point | Boiling point 


Benzene Water Benzene Water 


“¢" | m4 °C 
58. 243 | 70. 604 91. 758 
62. 344 75. 484 96. O10 
67. 158 | 79. 774 99. 723 
72. 087 85. 483 104. 630 
76. 201 90. 224 108. 678 
80. 366 | 95. 339 113.015 
83. 200 100. 493 117. 358 
87. 084 105. 052 * 121. 168 




















2,2,3-Trimethylbutane (triptane)—The measured corresponding 
boiling points of 2,2,3-trimethylbutane and water are given in table 2. 
The expression found for the boiling point in terms of the corresponding 
boiling point of water is 


t= — 30.1869 + 1.0047 15t, +-0.00105873¢,,”. (6) 


The average deviation of the 17 measurements from eq 6 is 0.003° and 
the greatest deviation is 0.008°. The normal boiling point calculated 
from eq 6 is 80.872°. The temperatures calculated by eq 6 to corre- 
spond with the standard reference pressures are given in the third 
column of table 5. The equation found to represent these pressure- 
temperature data is 
1204.997 
226.6154’ 
with an average deviation of 0.07 mm and one exceptionally large 
deviation of 0.48 mm at the highest pressure. For calculating the 
normal boiling point from the boiling point measured at any pressure 
in the range of 100 to 1,500 mm, the equation, 
(2.880814 —log p) 


t, =t-+307.486 (6.799682—log p) 


log p=6.799682 — (7) 


may be used. 
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TaBLE 2.—Corresponding boiling points of 2,2,3-trimethylbutane and water 
Boiling poir 


223-Trie | w 
methy Ibutane } Water 
C C 

71. 727 | 92. 433 

76. 835 96. 674 

$1. 214 | 100. 283 

7. 030 105. 042 

109. 178 

113. 379 

117. 455 


mn” 
ed 


3-Ethylpentane.—The comparative boiling-point data for 3-ethyl- 
pentane and water are given in table 3. The equation found for the 
boiling point of 3-ethylpentane in terms of the corresponding boiling 
point of water is 


t= — 18.2932+- 1.019200 t,.+0.00098408 ¢,,. (8) 


The average deviation of the 17 measurements from eq 8 is 0.002° 
and the greatest deviation is 0.005°. The normal boiling point calcu- 
lated from eq 8 is 93.468°. The temperatures corresponding to the 
standard reference pressures are given in the fourth column of table 5. 
The equation representing the pressure-temperature relationship is 


siecle 1249 .825 
Oo —_ 4 — — —, 
log p=6.873058 519.595 Li 
which reproduces the data for 3-ethylpentane given in table 5 with an 
average deviation of 0.03 mm and a greatest deviation of 0.09 mm 
at the highest pressure. The normal boiling point of a sample of 
3-ethylpentane may be obtained from a boiling point measured at 
any pressure between 100 and 1,500 mm by the equation 


(2.880814 —log p) 
(6.873058 —log p) 





t,=t+313.063 


TABLE 3.—Corresponding boiling points of 3-ethylpentane and water 





es 
Boiling point Boiling point 


= 
3-Ethylpen- Water 3-Ethylpen- Water 
| t a tane 


7 °C 

52. 103 86. 992 

57. 652 91. 730 

2. 576 94. 846 

67. 141 | 100. 618 

72. 324 | 104. 967 

76. 635 | 110.175 

70. 493 80. 806 | 114. 899 

75. 785 85. 282 120. 047 
81. 541 90. 113 
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2 2.4,4-Tetramethylpentane.—The measured corresponding boiling 


noints of this substance and water are given in table 4. 


"Mee: 


fanLe 4.—Corresponding boiling points of 2, 2, 4, 4-letramethylpentane and water 


| Boiling point | Boiling point 


2,2,4,4-Tetra- | 2,2,4,4-Tetra- 
methyl- W ater methyl- Water 
pentane pentane 


( 

111. 630 

117. 4384 

122. 436 

128. 684 

134. 261 
90. 477 5. 75: 140. 081 
95, 7 146. 065 
100. 963 : 7 151. 202 
105. 951 


The equation found to represent the corresponding data is 
‘= 1.7064 + 1.049344t,,-+0.001781372,—0.00000217122,,, (10) 


which shows an average deviation of 0.004° and a greatest deviation 
of 0.009° from the 17 experimental values. The normal boiling point 
calculated from eq 10 is 122.283°. The temperatures calculated from 
eq 10 to correspond with the standard reference pressures are given 
in the fifth column of table 5. A single equation of the form of eq 2 
would not adequately reproduce these pressure-temperature data 
over the entire range. By dividing the data into two ranges, satis- 
factory reproduction was obtained with the following two equations: 
(a) From 100 to 450 mm, 


1231.620 


g¢ p==6.643408 — =r 
log p==6.643408 904.975 4-0 


(11) 
with average and greatest deviations of 0.02 and 0.04 mm, respectively. 
(b) From 430 to 1,500 mm, 
1368.925 


221.679+? 


log p=6.860684 — (12) 


with average and greatest deviations of 0.06 and 0.13 mm, respec- 
tively. The equation 


2.880814 —log Pp) 


Ceres ( 
a ee FA 
t 343.96 (6.860684 —log p) 


may be used to obtain the normal boiling point from a boiling point 
measured at any pressure within the range of 430 to 1,500 mm. 
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TABLE 5. Boiling points of benzene, 2,2,3-trimethylbutane, 3-ethylpentane, and 
2,2,4, rA-tetramethy ylpentane at standard reference pressures 





Boiling point 


Pressure 
2,2,3-T ri- : 1. 2,2,4,4- 
methylbu- 3-Ethy! Tetramethyl- 
tane pentane 





pentane 





°C “C a 
35. 127 58. 356 
40. 740 64. 448 
. 402 70. 611 
. 113 76. 844 
7.873 83. 145 
3. 682 89. 511 
9. 541 95. 943 
75. 449 102. 438 
. 406 108. 994 
7.412 115. 610 
93. 468 122. 283 
9. 572 129. 014 
135. 799 
142. 638 
149. 528 























Values of the temperature and rates of change of pressure with 
temperature at even values of the pressure are given in table 6 for all 
four substances. 


TABLE 6.—Values of pressure, temperature, and rates of change of pressure with 
temperature for benzene, 2,2,3-trimethylbutane, 3-ethylpentane, and 2,2,4,4- 
tetramethylpentane 





| | 
| | 
, 2,2,3-Trimethyl- | Mhelnn 2,2,4,4-Tetramethyl- | 
Benzene butane | 3-Ethylpentane = | pentane 








dt weeioiee: eam ie as 
| Tempera- | | Tempera- jay | Tempera: | ; Tempera- 
| ture dpidt | ture dpidt ture | dp/dt ture 





mm | °C mm/°C ae | 4 p gf 
50 | @11.78 02.% 9. «2. | 21.9 44.12 
100 26.054 | 4.! 44 ; 36. 88 ‘ 60. 266 
200 | 42. 198 8. 285 7a 53.7 J 78. 653 
300 52. 660 11. ; 71 | ‘ : 90. 641 
400 60.601 | 14. 08 4! 3. 73. 08 3. 99. 780 
500 | 67. 086 16. 83 . 236 9, & B. OF 107. 254 
600 72. 611 19. 4 73. | 8. ! B5. 62 8. 113. 634 
700 77. 450 a 78. 0¢ | . 92 90. 6 . 93 119. 224 
760 =| 80. 098 3B. 80. 87 | 2. 2 | 3. Q 122. 283 
800 | 81.773 36 32.629 | a 95. 2 3. 2 124. 219 
900 | 85.691 | 26. j 86. 7: | 5. 46 9. 3: 5. | 128. 749 
, 000 89.283 | 28.9 90. 5 7. 5§ 3. 3 132. 902 
, 200 95.702 | 33.39 | 97.265 | 31.7 9. &: .82 | 140.327 
, 400 101. | 37. 8. | Bw | 5. 752 35. | 146. 851 
, 600 2 106. 36 | 0 41.6 | .§ 39. £ 21. R 2 152. 696 
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INFLUENCE OF STRESS ON THE CORROSION PITTING OF 
ALUMINUM BRONZE AND MONEL METAL IN WATER 
By Dunlap J. McAdam, Jr. and Glenn W. Geil 


ABSTRACT 


Cyclic stress tends to increase the size and sharpness of corrosion pits in alumi- 
num bronze and monel metal and thus tends to increase the rate of lowering of 
the fatigue limit by corrosion. The form of corrosion pits in aluminum bronze 
is affected by the duplex microstructure. Pits in mone] metal are not appreciably 
influenced by the microstructure. Curves of decrease of the fatigue limit, and 
constant-damage diagrams derived from these curves, are very different from 
those obtained with steels, These differences may be attributed to the fact that 
the rate of corrosion of aluminum bronze and monel metal, unlike that of steel, 
is anodically controlled. Steady stress tends to increase the rate of corrosion 
pitting of aluminum bronze but has little apparent effect on monel metal. 
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I. INTRODUCTION 


In a recent paper [4] ' the authors presented results of an investiga- 
tion of the influence of cyclic stress on the corrosion pitting of steels 
in well water. The present paper considers the influence of both 
cyclic and steady stresses on the corrosion pitting of aluminum bronze 
and monel metal. 

The lowering of the fatigue limit due to stress corrosion of these 
nonferrous alloys has been discussed in previous papers by the senior 
author [1, 2].2 At that time, however, no investigation had been 
made of the forms and sizes of the corrosion pits and their correlation 
with the cyclic stress applied during corrosion. Later, through the 
courtesy of the Director of the U. S. Naval Engineering Experiment 
Station, Annapolis, Md., the specimens that had been used were made 
available for such a study. This paper gives the results of this investi- 
gation and correlates the forms and sizes of the corrosion pits with the 
resultant lowering of the fatigue limit. 


II. MATERIALS AND METHOD OF INVESTIGATION 


The chemical compositions of the cold-worked aluminum bronze 
and monel metal are given in table 1. Aluminum bronze of this com- 
position consists of two or more microconstituents, one of them an 
alpha solid solution of aluminum and iron in copper. Monel metal 
consists almost entirely of a single microconstituent, a solid solution, 
Details of the annealing treatment of these alloys for relief of internal 


i] 


stress are given in table 2, and tensile properties are given in table 3, 
TaBLE 1.—Chemical compositions 


[Averages of two or more determinations] 


Desig- 
nation 


| Percentages of— 


| | | 
C | Ni | Cu] Al | Fe | Mn] P 
| | ; 
87.7 | 10.5 | 2.64 | 
v 


Aluminum bronze | L-6_-- 
Monel metal EP-8__| 0.16 | 67.5 | 29.5 | 1.76 | 0.95 | 0.015 | 0.017 
| | | | 


TABLE 2.— Annealing treatments for relief of internal stress 
Designa- | Tempera- | mp; . Sa 

F Ron 3 Coolec - 

Alloy tion | ture Pime roled in 


Minutes 
Aluminum bronze 180 | Furnace. 


a ae : L-6_--.-.| 
Monel metal EP-8 | 180 | Do. 


TABLE 3.— Tensile properties of alloys 


{Average of at least two determinations] 

Propor- | Elonga-} Reduc- 
tional tion in | tion of 
limit 2 in. area 


Proof 
stress 
(0.01%) 
ee eee: Se ee eee! 6 ae eee ere eee ea Se 
| | 

lbj/in.2 lbjin.® | Ibjin2? | lbjin2 | lbjin.2 Percent | Percent 
Aluminum bronze L-6__..-| 101,900 | 41,900 | 42,800 | 36,900 32, 900 | 16.6 | 17.7 
Monel metal - - -- EP-8._.| 127,200 | 95,000 | 90,000} 984,500 82, 000 20.6 57.8 


Elastic 
limit 


Desig- Tensile |Johnson’s 
| nation | strength limit 





1 Figures in brackets indicate the literature references at the end of this paper. , 
3 The aluminum bronze was previously [2] designated KF-6. In this paper it is designated L-6 to avoid 
confusion with the effective stress concentration factor Kr. 
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Each specimen used in the investigation of the forms and sizes of 
corrosion pits had been subjected to corrosion under a given cyclic 
stress and cycle frequency for a given time, and had then been dried, 
oiled, and subjected to fatigue test in air. The lowering of the fatigue 
limit was used as a measure of the damage due to the corrosion. The 
water used in most of the corrosion experiments was the same well 
water that was used in the previous experiments with steels [4]. 
Some of the specimens, however, had been corroded in Severn River 
water, a brackish water with a saline content considerably higher than 
that of the well water. 

In studying the corrosion pits, the specimens were examined visu- 
ally on the outer surface, and typical specimens were photographed. 
The pits were also viewed in longitudinal sections cut approximately 
through the axes of the specimens. To insure a correct sectional view 
of the pits, the polishing was done in such a way as to minimize removal 
of corrosion products. For this purpose, the specimens were prepared 
by the method of dry polishing described in the previous paper [4]. 
Typical micrographs were than made. The magnification required 
was much higher (1000) for these micrographs than for those shown 
in the previous paper [4]. 


III. LOWERING OF THE FATIGUE LIMIT DUE TO COR- 
ROSION OF ALUMINUM BRONZE AND MONEL METAL 
IN FRESH WATER 


1, INFLUENCE OF STRESSLESS CORROSION ON THE FATIGUE 
LIMIT OF ALUMINUM BRONZE AND MONEL METAL 


The influence of both stressless corrosion and stress corrosion on 
the fatigue limit is represented by figures 1 and 2. In these figures, 
abscissas represent durations of corrosion and ordinates represent the 
fatigue limits as determined by subsequent tests without corrosion. 
From these diagrams are derived diagrams of several types repre- 
senting the relation between stress, corrosion time, and cycle fre- 
quency for constant total and net damage. The derived diagrams 
will be discussed (section VI) after consideration of the results of 
examination of the pitted specimens. 

During the stressless corrosion of steel, as shown in the previous 
paper [4], the fatigue limit decreases rapidly at first, but the rate of 
decrease gradually slackens and eventually becomes very slow. 
Curves representing such a variation of the fatigue limit have been 
termed ‘‘retarded-damage” curves. Aluminum bronze and monel 
metal, however, give stressless-corrosion curves of a very different 
type. As shown in figures 1 and 2, each of these curves is nearly 
horizontal at first and remains nearly horizontal throughout a long 
corrosion period. The slope, however, gradually increases and even- 
tually becomes steep. Curves of this form, termed ‘‘accelerated- 
damage’ curves, have also been obtained with stainless steel and 
nickel [2]. 

As shown in the preceding paper [4], the rate of corrosion of steel 
in well water is cathodically controlled (except possibly at first); 
that is, the rate is determined by the conditions at the cathodes. 
Corrosion of aluminum bronze, monel metal, stainless steel, and 
nickel, in well water, however, is anodically controlled; that is, the 
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rate of corrosion is determined by the conditions at the anodes. The 
evidence indicates, therefore, that cathodically controlled corrosion 
tends to give stressless-corrosion curves of the retarded-damage type, 
and that anodically controlled corrosion tends to give stressless- 
corrosion curves of the accelerated-damage type, such as those in 
figures 1 and 2. Space is not available for discussion of the types of 
stressless-corrosion curves obtained when the corrosion rate depends 
on conditions at both cathodes and anodes. 

The results of corrosion generally are more erratic when the control 
is anodic than when it is cathodic. With anodic control, specimens 
corroded under apparently identical conditions may differ greatly in 
the resultant damage as measured by the lowering of the fatigue 
limit. The scatter of experimental points representing stressless 
corrosion, consequently, is much greater in figures 1 and 2 than in 
graphs representing stressless corrosion of steel in well water [4]. In 
an accelerating corrosion process, as in many other accelerating 
processes, the results are less reproducible than in a process causing 
retarded damage. 

Stressless corrosion of aluminum bronze for more than 2 years 
(fig. 1) reduced the fatigue limit to less than two-thirds the original 
value. If the acceleration of damage should persist with increase 
in the corrosion time, the fatigue limit evidently would be reduced 
to zero in about 4 years, thus implying that corrosion pits had reached 
the axis of the specimen. Before this, however, the rate of lowering 
of the fatigue limit might begin to slacken, thus causing a reversal of 
the stressless-corrosion curve. (Such a delayed reversal would not 
affect the derived diagrams representing constant net and _ total 
damage). 

Stressless corrosion of monel metal (fig. 2) would be better repre- 
sented by a widening band than by a single curve. The curve as 
drawn takes an approximate mean course. In drawing the curve, 
consideration has been given not only to the experimental points 
representing stressless corrosion but also to the three points repre- 
senting corrosion under stresses of 8,000, 10,000, and 12,000 Ib/in.? 
at 1,450 cycles per minute. 


2. INFLUENCE OF STRFSS CORROSION ON THE FATIGUE LIMIT OF 
ALUMINUM BRONZE AND MONEL METAL 


The stress-corrosion curves for aluminum bronze and monel metal, 
unlike many of the curves for steels [4], descend at an increasing rate. 
The scatter of experimental points generally is greater for a stress- 
corrosion curve than for a stressless-corrosion curve. The scatter is 
much greater for monel metal than for aluminum bronze. Even 
though several experiments were made with monel metal at a number 
of the stresses, the scatter of results is so great that the curves could 
not be accurately established. Some experiments caused fatigue failure 
during corrosion, whereas other experiments at the same stress and 
for about the same corrosion time caused little damage. Such results 
indicate that an ideal stress-corrosion curve would show an acceler- 
ated increase of slope and final abrupt drop to zero ordinate. The 
curves are so drawn in figures 1 and 2. Each curve is drawn so as 
to follow an approximate mean course. 

Under simultaneous corrosion and cyclic stress, the lowering of the 
fatigue limit evidently is more rapid than under stressless corrosion. 
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For a given cycle frequency, the rapidity of descent of a curve in- 
creases with the cyclic stress; for a given stress, the rapidity of descent 
increases with the cycle frequency. Even at very low cycle fre- 
quencies (ranging from 5 cycles per hour to 1 cycle per day), however, 
sufficiently high stress and sufficiently long duration of corrosion may 
cause much net damage (figs. 1 and 2). The quantitative relation 
between stress, cycle frequency, corrosion time, and either net or total 
damage * is discussed in section VI. 


IV. PITS CAUSED BY CORROSION OF ALUMINUM BRONZE 
WITH AND WITHOUT STRESS 


1. INFLUENCE OF THE MICROSTRUCTURE ON THE CORROSION 
PITTING OF ALUMINUM BRONZE 


The position and form of corrosion pits in steels, in aerated well 
water, are little affected by the microstructure [4]. The pits are free 
to assume the forms determined by the corrosion conditions. Pitting 
in the aluminum bronze used in these experiments, however, was 
much influenced by the microstructure. This is illustrated by the 
positions and forms of the pits caused by corrosion of a specimen in 
salt water. The water used for this purpose was Severn River water, 
which generally has about one-sixth the saline content of sea water. 
The specimen was corroded under stress of 60,000 lb/in.? at 1 cycle 
per day for 16 days. Surface views are shown in figure 9 and longi- 
tudinal sections are shown in figure 10. 

Views A and B of figure 9 show the surface of this corroded specimen 
after slight polishing with magnesium oxide. The polishing was 
merely enough to remove most of the corrosion products from the 
cathodic areas and reveal the pits. The dark areas, shown in view A 
at 100 magnification and in view B at 500 magnification, are pits 
filled with corrosion products. These corroded areas are in the delta 
phase of the alloy. The nearly white, uncorroded areas are in the 
alpha solid solution. The alpha phase evidently is cathodic to the 
delta phase and to the associated iron-rich constituent. 

After considerable additional polishing with magnesium oxide, the 
surface appears as shown in views C and D. The cathodic areas are 
now practically free from corrosion products, and the dendritic struc- 
ture of the alloy is clearly revealed. The corrosion pits in this alloy 
generally are not free to assume the roughly hemispherical or saucer- 
like forms that are found after corrosion of steels [4]. The pits in the 
aluminum bronze are bounded by the frondlike crystallites of the 
cathodic alpha phase. 

This influence of the microstructure is revealed not only by the 
surface views but also by the sectional views (fig. 10). Whereas pits 
in steel tend to deepen perpendicularly to the surface, the pits in the 
aluminum bronze follow the interstices between adjacent crystallites 
of the alpha solid solution. Many of the pits thus take an oblique 
direction (fig. 10). This influence of the microstructure is found not 
only after corrosion in salt water but also after the much slower cor- 
rosion in fresh water. Numerous instances of this influence will be 
found in the micrographs now to be considered. 

? Total damage due to stress-corrosion is measured by the vertical distance of a stress-corrosion curve (at 


any point) below the origin of the curve. Net damage is the difference between the total damage and the 
damage that would be caused in the same time by stressiess corrosion. 
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Although the entire delta phase tends to be anodic during corrosion 
in either salt water or well water, pitting in well water is not continuous 
throughout the delta constituent. Some parts of this phase evidently 
are more anodic than others. Very little information about the forms 
and distribution of the corrosion pits, therefore, can be obtained by 
examining the darkened anodic areas on the surface. In this investj- 
gation, consequently, attention has been confined almost entirely to 
longitudinal sections. Results of the investigation are shown jp 
figures 11 to 26, inclusive. 


2. PITS CAUSED BY STRESSLESS CORROSION OF ALUMINUM 
BRONZE IN WELL WATER 


Although results of stressless corrosion of five specimens of alumi- 
num bronze in well water are shown in figure 1, only four of these 
specimens were available for examination of the corrosion pits. See- 
tional views of these specimens are shown in figures 11 and 12. 

Corrosion for 66 days (view A, fig. 11) has caused numerous small 
pits. The forms of most of these pits evidently have been influenced 
greatly by the duplex microstructure of the alloy. A few of the pits 
are roughly hemispherical, like pits caused by stressless corrosion of 
steel. After corrosion for 88 days, the pits shown in view B of figure 
11 are smaller than those shown in view A. The lowering of the 
fatigue limit, however, was slightly greater after corrosion for 88 days 
than after corrosion for 66 days (fig. 1). The sections shown in 
figure 11, B, therefore, probably do not traverse the regions of deepest 
pitting on this specimen. As the variation of pitting in a specimen 
generally is greater when the process is anodically controlled than 
when it is cathodically controlled, sectional views of the most deeply 
pitted regions can be obtained less easily with aluminum bronze (and 
monel metal) than with steels. 

After corrosion for much longer than 66 days (fig. 12), the pits have 
increased greatly in size, and the influence of microstructure on the 
forms of the pits evidently has become less prominent. Although 
most of the pits here shown have the saucerlike form found after long 
corrosion of steels, some of the pits show the confining influence of 
the alpha phase. The lowering of the fatigue limit (fig. 1) was much 
greater after corrosion for 640 and 1,021 days than after 66 and 88 
days. This must be attributed largely to the influence of corrosion 
time on the size of the pits. The slightness of the effect of the pits 
shown in figure 11 evidently is due to their small size [4]. 

After corrosion of steel in well water for only 4 and 4.7 days (figs. 9 
and 33 of the previous paper [4]),* the pits were much larger and the 
lowering of the fatigue limit was much greater than after corrosion of 
aluminum bronze in well water for 66 and 88 days (fig. 11). 

Values of the effective stress concentration factor, Kr, obtained by 
stressless corrosion of steels,aluminum bronze, and monel metal are 
assembled in table 4. The values for the breadth and depth of pits 
have been taken from the sectional views of the pits that probably 
would cause the highest values of Ky. These were obtained from 
figures 9, 10, and 33 of the first paper and figures 11, 12, 22, 23, and 
24 of the present paper. The values of Ky were obtained from the 
corresponding diagrams, one of which is not found in either of these 
two papers.® 
4 In such comparison, allowance must be made for the fact that the magnification of the sectional views 


in this paper is 4 to 20 times as great as the magnifications used in the previous paper. 
6 The diagram for steel AX-W-10 is in a previous paper {3] by the senior author. 
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Sizes of stressless-corrosion pits and corresponding values of the effective 
stress-concentration factor, Kp 
Size of pit 
Metal Designation Water Days cs 
Breadth | Depth 


Inches Inches 


minum bronze 


Do 
1 


AX-W-10 


AX-W-10 
IW-W-10 


| AX-W-10 


IW-W-10 
IW-W-10 


L-6_. 
L-6_. 
L-6 


Well 


do 
do 
do 
do 
do 
do 
do 


do 


do 


do. 
do.. 


do 


0. 0024 
. 006 
. 010 
.012 
013 


. 025 


. 004 
00055 | 
. 00065 

| 
. 0008 
. 0009 
. 0011 
. 0005 


0. 0014 
. 0024 
. 003 
. 007 
. 005 
.Ou1 


. 002 
. 0004 
. 0004 


. 0004 
. 00045 
. 0009 


| 
| 


For the steels, the value of Ky evidently tends to increase with 
increase in the breadth of the corrosion pits. A similar relationship 
is found for aluminum bronze and monel metal in well water. If 
table 4 were arranged solely in the order of increasing breadth of the 
corrosion pits, however, this would not be the order of increasing 
value of Kp. The values obtained with aluminum bronze in well 
water for 640 and 1,021 days are too high to be in the order of in- 
creasing breadth of corrosion pits. (Some of the values for monel 
metal also are too high for such an arrangement.) 

sy plotting values of the breadth of a pit as abscissas and corre- 
sponding values of Ay—1 as ordinates, the points obtained with 
steels in well water would give a curve starting from the origin of 
coordinates and rising at a decreasing rate. (Such a curve is also 
obtained by fatigue tests with specimens having notches of the 
same form but differing in size.) The points obtained with alumi- 
num bronze in well water for 640 and 1,021 days would be above 
this curve. Probable reasons for this are found by considering the 
ratios of breadth to depth of the pits. For the steels in well water, 
the mean value of this ratio is about 2.3; that is, the pits generally 
are roughly hemispherical. For the aluminum bronze, after corrosion 
for 640 and 1,021 days, the ratio is only about 1.5. The relatively 
high values of Ky obtained with these specimens, therefore, may be 
attributed in part to the fact that the relative depth of the pits is 
greater in this alloy than in steels. They may be attributed in part, 
however, to the angularity of some of the corrosion pits, the angularity 
resulting from the duplex microstructure of the aluminum bronze. 
The differences in the values of Ky in table 4 evidently are due not 
only to differences in size but also to differences in the forms of the pits. 


3. PITS CAUSED BY STRESS CORROSION AT 1,450 CYCLES PER 
MINUTE 


In studying the influence of cyclic stress on the forms and sizes of 
corrosion pits, the pits caused by stressless corrosion will be compared 
with the pits caused by simultaneous corrosion and cyclic stress. 
Attention will be given first to specimens that have been subjected 
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to various stresses with a frequency of 1,450 cycles per minute. 
Typical sectional views are shown in figure 13. These were obtained 
after corrosion for short times. 

The forms of nearly all these pits have been greatly influenced by 
the duplex microstructure. The pits, therefore, are similar in form 
to many of the pits caused by stressless corrosion (figs. 11 and 12), 
The cyclic stress, however, evidently has had much influence on the 
size of the pits. After corrosion at 30,000 lb/in.? for only 1.8 days, 
the pits (view A) are nearly as large as those found after stressless 
corrosion for 66 days (fig. 11, A). After corrosion at 25,000 lb/in.? for 
6 days (fig. 13, B), the pits are nearly as large as those found after 
stressless corrosion for 640 days (fig. 12, A). After corrosion at 
20,000 lb/in.? for 11 days (fig. 18, C), some of the pits are larger than 
those found after stressless corrosion for 1,021 days (fig. 12, B), 
Moreover, the ratio of depth to breadth, for some of the pits shown 
in figure 13, is greater than for the pits found after stressless corrosion. 
Although no distinct fissures or crevices (such as those found after 
corrosion of steels at this cycle frequency) are found in figure 13, the 
cyclic stress probably has increased the sharpness of the salients in 
this alloy. Cyclic stress evidently influences the size and form of 
the corrosion pits in aluminum bronze as well as in steels. 

To facilitate comparison between the corrosion pits and the cor- 
responding lowering of the fatigue limit, three different symbols are 
used for the experimental points in figures 1 and 2. A triangle is 
used when the sectional view gives distinct evidence of fissures; a 
square is used when no fissures are visible; a circle is used when the pits 
have not been examined. 

The pits in any specimen tend to vary more widely when the corro- 
sion process is anodically controlled than when it is cathodically 
controlled. Correlation between a sectional view of corrosion pits 
and the lowering of the fatigue limit, therefore, is less satisfactory for 
aluminum bronze than for steels. If the pits shown in figure 13 were 
the most advanced pits in these three specimens, these views would be 
in the order of increasing damage. Actually, however, they are in 
the order of decreasing damage (fig. 1). The pit at which fatigue 
fracture started probably was more advanced than any of the pits 
found in a sectional view. The resultant damage evidently depended 
on the increased size and sharpness of a few of the most advanced 
pits, not visible in figure 13. 

The apparent absence of damage (fig. 1) due to the pits shown in 
figure 13 (C) may be attributed to a locally high fatigue limit for this 
specimen. The pits shown in figure 13 (C), although they appear 
large at this high magnification, are smaller than pits caused by stress- 
less corrosion of steel for a much shorter time in well water (fig. 9 of 
the preceding paper [4)]). 


4. PITS CAUSED BY STRESS CORROSION AT 10,000 CYCLES PER 
MINUTE 


Corrosion with a cycle frequency of 10,000 per minute at 30,000 
lb/in.? for 0.3 day has caused the pits shown in view A of figure 14. 
One of the pits here shown is about as large as any of those found 
after stressless corrosion for 66 days (fig.11,A). The pits shown in 
figure 14 (A), moreover, generally have greater relative depth than 
those found after stressless corrosion. Some of the pits, especially 
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those extending in oblique direction, are very sharp. From one of 
these a crack has started. A crack such as this evidently caused the 
fatigue failure during the corrosion stage (fig. 1). 


5. PITS CAUSED BY STRESS CORROSION AT 500 CYCLES PER 
MINUTE 


Corrosion with a cycle frequency of 500 per minute has caused 
the pits shown in views B, C, and D of figure 14. After corrosion at 
60,000 lb/in.? for 0.06 day (view B), some pits are nearly as large as 
those found after corrosion for 640 days without stress (fig. 12, A). 
The cyclic stress, moreover, evidently has caused the sharp projec- 
tions generally extending in an oblique direction. To sharp salients 
such as these may be attributed the rapid decrease of the fatigue limit 
during corrosion (fig. 1). As this specimen did not fail by fatigue 
during corrosion, the cracks starting from some of the sharp salients 
(fig. 14, B) may have started during the subsequent fatigue test. 

The sharp projections extending inward from the corrosion pits 
shown in views A and B of figure 14 probably are crevices and fissures® 
similar to those caused by stress corrosion of steels. In aluminum 
bronze, however, the crevices and fissures generally are not free to 
advance in a plane perpendicular to the axis of the specimen, as they 
do in steels. The planes of extension, both inward and along the sur- 
face of the specimen, are determined largely by the direction of the 
crystallites of the alpha phase. All these fissures probably have 
started at blunt pits and have extended both inward and along the sur- 
face. A sectional view, in aluminum bronze as in steel [4], however, 
may not traverse the origin of a fissure. 

Corrosion at 40,000 lb/in.? for 0.7 day has caused the pits shown in 
figure 14 (C). As the corrosion caused considerable damage (fig. 1), 
this damage must be attributed to larger or sharper pits than those 
revealed in figure 13 (C). A similar discrepancy exists between the 
damage and the pits shown in figure 13 (D). 


6. PITS CAUSED BY STRESS CORROSION AT 50 CYCLES PER MINUTE 


Corrosion with a cycle frequency of 50 per minute has caused the 
pits shown in figure 15. After corrosion at 50,000 Ib/in.? for 1.1 days 
(view A), some pits are nearly as large as those found after stressless 
corrosion for 640 days (fig. 12, A). The cyclic stress, moreover, has 
caused sharp oblique projections, as shown in some of the sections. 
To such projections, which probably are sections of fissures, may be 
attributed the rapid lowering of the fatigue limit (fig. 1). These 
fissures probably started at blunt pits, such as those shown in figure 
15 (A), and extended both along the surface and inward. 

After corrosion at 35,000 lb/in.? for 6.7 days (fig. 15, B), some of 
the pits are larger than those found after stressless corrosion for 1,021 
days (fig. 12, B). One of the pits shown in figure 15 (B) has extended 
inward in an oblique direction and has incipient sharp projections. 
To such projections and to the increased size of the pits may be attri- 
buted the lowering of the fatigue limit, as shown in figure 1. 

After corrosion at 20,000 lb/in.? for 52 days, the pits are larger than 
those found after stressless corrosion for 66 days (fig. 11, A). Because 

6 Crevices, as defined in the previous paper [4], are merely fissures that have not advanced far enough to be 


visible on the surface of the specimen at low magnification. No attempt will be made in this paper to dis- 
tinguish between crevices and fissures. 
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of the small size of these pits (only about 0.0005-inch diameter), their 
effect on the fatigue limit was inappreciable (fig. 1). 


7. PITS CAUSED BY STRESS CORROSION AT 10 CYCLES PER MINUTE 


Corrosion with a cycle frequency of 10 per minute has caused the 
pits shown in figure 16. After corrosion at 40,000 lb/in.? for 13 days 
(view A), some pits are as large as those found after stressless corro- 
sion for 1,021 days (fig. 12 , Bi. Sharp projections extend obliquely 
inward. The largest of hoes pits is the origin of sharp projections, 
which probably are sections of fissures. This vi iew, unlike those in 
figures 14 (A) and (B) and 15 (A), shows the blunt pit from which 
the fissures started. The fissures have caused considerable damage 
(fig. 1). 

After corrosion at 30,000 lb/in.? for 26 days (fig. 15, B), the pits are 
about as large as those found after stressless corrosion for 66 days 
(fig. 11, A). Incipient sharp projections, such as those here shown, 
may account for the considerable decrease in the fatigue limit (fig. 1 


8. PITS CAUSED BY STRESS CORROSION AT 0.5 CYCLE PER MINUTE 


Corrosion with a cycle frequency of 0.5 per minute has caused th 
pits shown in figure 17. After corrosion at 60,000 lb/in.? for 6 days, 
the pits found in view A are very small; one of the blunt pits, however, 
is relatively deep. A few sharp pits extending inward from the 
surface probably are sections of fissures which started at blunt pits 
not shown in this view. This effect of the cyclic stress accounts for 
the considerable damage shown in figure 1. 

After corrosion at 50,000 lb/in.? for 13 days (fig. 18, B), some of the 
pits are as large as those found after stressless corrosion for 640 days 
(fig. 12, B). Sharp pits, moreover, extend obliquely inward from the 
surface. The blunt origins of these sharp pits are not traversed by 
this section. The lowering of the fatigue limit of this specimen was 
not as great as would be expected. 


9. PITS CAUSED BY STRESS CORROSION AT 5 CYCLES PER HOUR 


Corrosion with a cycle frequency of 5 per hour has caused the pits 
shown in figures 18 and 19. After corrosion at 60,000 Ib/in.? for 15 
days (fig. 18, A), the pits are as large as those found after stressless 
corrosion for 1,021 days (fig. 12, B). One of the sections, moreover, 
shows an oblique pit, which probably is an incipient fissure. The 
increased size and sharpness of the pits, due to the cyclic stress, ac- 
count for the lowering of the fatigue limit (fig. 1). 

After corrosion at 50,000 Ib./in.? for 24 days (fig. 18, B), the pits are 
considerably larger than those found after stressless corrosion for 
1,021 days. Nevertheless, the pits are much smaller than those caused 
by corrosion of steel in well water for 10 days (fig. 9, D of the first 
paper [4]). The sharp oblique projections from one of the pits in 
figure 18 (2) probably are incipient fissures. The lowering of the 
fatigue limit was about the same for this specimen as for the speci- 
men represented in figure 18 (A). 

After corrosion at 30,000 lb/in.? for 339 days, the pits shown in 
figure 19 are only about as large as those found after stressless corro- 
sion for 66 days (fig. 11, A). This specimen, therefore, probably 
contained much larger pits than those traversed by the section. 
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Numerous sharp projections, however, extend inward from pits and 
from the surface of the specimen. To these sharp fissures may be 
attributed the great decrease of the fatigue limit (fig. 1). 


10. PITS CAUSED BY STRESS CORROSION AT 1 CYCLE PER HOUR 


Corrosion with a cycle frequency of 1 per hour has caused the pits 
shown in figure 20. After corrosion at 60,000 Ib/in.? for 20 days (view 
A), the pits are larger than those found after stressless corrosion for 
66 days (fig. 11, A) but no fissures are visible. The effect on the 
fatigue limit, as shown in figure 1, was small. About the same effects 
on the pits and on the fatigue limit were caused by corrosion at 40,000 
lb/in for 73 days (fig. 20, B). Corrosion at the same stress for a 
much longer time (fig. 20, C), however, caused sharp projections, 
which probably are sections of fissures. The development of these 
fissures has caused rapid descent of the curve of decrease of the fatigue 
limit (fig. 1). 

After corrosion at 35,000 lb/in.? for 374 days (fig. 20, D), no large 
pits are found. This specimen, however, probably contained much 
larger pits than those traversed by the sectional view. Sharp fissures 
extend obliquely inward from the surface and from some of the small 
pits. ‘To the sharp fissures must be attributed the great decrease in 
the fatigue limit (fig. 1). (In a few more days, this specimen probably 
would have failed during corrosion.) 


11. PITS CAUSED BY STRESS CORROSION AT 1 CYCLE PER DAY 


Corrosion with 1 cycle per day has caused the pits shown in figure 
21. After corrosion at 60,000 Ib/in.? for 28 days (view A), the pits 
are nearly as large as those found after stressless corrosion for 640 
days (fig. 12, A). The pits have lowered the fatigue limit slightly. 
After corrosion at 40,000 Ib/in.? for 151 days, sharp projections are 
found (view B, fig. 21). In some regions, these sharp salients are in- 
termingled with portions of the alpha phase. Pits of the same type, 
moreover, are found after corrosion at the same stress for 240 days 
view OC). The sharp salients, together with interspersed portions of 
the alpha phase, form pits larger than those found after stressless cor- 
rosion for 1,021 days (fig. 12, B). The great effect of such pits on 
the fatigue limit is illustrated by the descent of the curve in figure 1. 


V. PITS CAUSED BY CORROSION OF MONEL METAL WITH 
AND WITHOUT STRESS 


1. PITS CAUSED BY STRESSLESS CORROSION OF MONEL METAL IN 
WELL WATER 


The distribution of corrosion pits on the specimens of monel metal 
was far from uniform. The pits generally were found in clusters. 
Through such a cluster in each specimen a section was cut and polished 
for microscopic examination. After the pits in this section were 
photographed, the section generally was polished again so as to re- 
move about 0.001 inch of metal. The removal of this thin layer of 
metal generally revealed other corrosion pits. In this manner, photo- 
graphs of several sections sometimes were obtained. In assembling 
the photographs of each specimen, no attempt was made to distinguish 
between the different sections. 
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Only a few of the many specimens of monel metal that were sub- 
jected to corrosion were available for examination of the corrosion pits, 
The pits were examined in only three of the nine specimens (fig. 2) 
that had been subjected to stressless corrosion. Sectional views of 
these three specimens are shown in figures 22, 23, and 24. 

After stressless corrosion for 122 days (fig. 22), the pits are small, 
Although some pits appear large at this high magnification, they are 
much smaller than the pits caused by corrosion of steel for only a few 
days (fig. 9 of the previous paper [4]). As monel metal is essentially 
a single-phase alloy, the pits are little influenced by the microstructure, 
The pits shown in figure 22, consequently, are roughly hemispherical 
or saucerlike, resembling in this respect the pits caused by brief cor- 
rosion of steel. Because of their bluntness and small size, these pits 
have had little effect on the fatigue limit (fig. 2). 

After stressless corrosion for 157 days (fig. 23), some of the pits are 
broader, but no deeper, than after corrosion for 122 days. Some of 
the pits resemble in form and size the pits shown in figure 22. The 
fatigue limit of this specimen, moreover, was about the same as that of 
the specimen corroded for 122 days. 

Larger pits were found after stressless corrosion for 170 days (fig. 24), 
Sharp projections, moreover, have formed on some of the pits; other 
sharp pits have extended inward from the surface. As these sharp 
pits were formed without stress, they probably are rootlike projections 
rather than transverse fissures. Rootlike pits may be formed in 
either steels or nonferrous metals under the influence of concentration 
gradients of oxygen or of an anion or cation. The fatigue limit of this 


specimen was lower than that of all the other stressless-corrosion 
specimens of this alloy, even specimens that had been corroded for 
much longer times. Typical stressless-corrosion pits in monel metal, 
therefore, probably resemble in form those seen in figures 22 and 23 
rather than those seen in figure 24. This conclusion is supported by 
results of examination of pits caused by stress corrosion. 


2. PITS CAUSED BY STRESS CORROSION OF MONEL METAL AT 
1,450 CYCLES PER MINUTE 


Corrosion with a cycle frequency of 1,450 per minute has caused 
the pits shown in figure 25. After corrosion at 30,000 lb/in.? for 10 
days, only a few very small pits are visible even at this high magnifi- 
cation (view A). They probably are not much larger than if the 
specimen had been corroded without stress. Rounded pits of this 
size (about 0.0001-inch diameter) have practically no effect on the 
fatigue limit [4]. The fatigue limit, however, was not much more 
than half that of an uncorroded specimen (fig. 2). Some pits in this 
specimen, therefore, probably were much larger or sharper than if the 
specimen had been corroded without stress. This is one of the few 
experiments (at high frequency) that were stopped in the midst of the 
nearly vertical descent of the stress-corrosion curve. As this steep 
descent probably was due to the rapid development of a single fatigue 
crack from one of the corrosion pits, the chance of finding the rounded 
pit from which the crack started was very small. 

After corrosion at 10,000 lb/in.? for 331 days (fig. 25, B) some of 
the pits are much larger than those caused by stressless corrosion for 
170 days (fig. 24). Most of this difference in size probably is due to 
the cyclic stress. The great decrease of the fatigue limit caused by 
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stress corrosion of this specimen (fig. 2), however, probably should be 
attributed to the development of a crevice, fissure, or fatigue crack 
from a sharp projection, such as the one pointing inward from the 
largest pit in figure 25. As shown in the previous paper [4], the 
effective stress-concentration factor increases with both the size and 
the sharpness of the pits. 


3, PITS CAUSED BY STRESS CORROSION OF MONEL METAL AT 5 
CYCLES PER HOUR 


Corrosion with a cycle frequency of 5 per hour has caused the pits 
shown in figure 26. After corrosion at 45,000 Ib/in.? for 123 days 
(view A), the pits are larger than those found after stressless corrosion 
for about the same time (fig. 22), and are about as large as those found 
after stressless corrosion for 170 days (fig. 24). Some of the pits in 
figure 26 (A), moreover, have small sharp projections, which probably 
represent incipient fissures. The effect of the cyclic stress on the 
size and form of the pits, however, was not great enough to cause much 
net damage (fig. 2). Corrosion for a little longer time probably 
would have caused rapid development of transverse fissures and rapid 
descent of the corresponding curve in figure 2. 

Corrosion at 40,000 lb/in.? for 148 days has caused the pits shown 
in view B of figure 26. Although the corrosion time was longer for 
this specimen than for the specimen represented in view A, the 
moderate increase in time would not be expected to compensate for 
the decrease in stress. As would be expected, therefore, the pits 
shown in view B appear less damaging than those shown in view A. 
Although some of the pits shown in view B are broader than those in 
view A, they are shallower and show no evidence of incipient fissures. 
The pits evidently have caused very little net damage (fig. 2). 


VI. NET AND TOTAL DAMAGE DUE TO STRESS COR- 
ROSION OF ALUMINUM BRONZE AND MONEL METAL 
IN WELL WATER 


1. TYPES OF DIAGRAMS REPRESENTING NET AND TOTAL DAMAGE 


From figures 1 and 2, other diagrams have been derived to represent 
the interrelation between stress, corrosion time, cycle frequency, and 
total number of cycles, for constant net and total damage. These 
diagrams are shown in figures 3 to 8. Diagrams of the types shown 
in figures 3, 4, and 5 are shown in previous papers by the senior author 
(1, 2]. Since that time, however, stress-corrosion experiments with 
aluminum bronze were continued so as to remove all uncertainty as 
to the forms of these diagrams.’ The additional information thus 
made available, together with the information obtained by examina- 
tion of the corrosion pits, leads to definite conclusions as to the process 
of stress corrosion of these alloys. 


2. DIAGRAMS REPRESENTING CONSTANT NET DAMAGE 


The diagrams in figures 3, 4, and 5 represent the relation between 
stress, corrosion time, cycle frequency, and total number of cycles, 
for 15 percent net damage. This amount of net damage is represented 


7 These experiments were made with the cooperation of W. C. Stewart, Metallurgist of the U.S. Naval 
Engineering Experiment Station, with the permission of the Director of the Station. 
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by the broken line below each stressless corrosion line in figure 1. 
fach of these broken lines is drawn so that the ordinate at any point 
is 85 percent of the corresponding ordinate of the stressless-corrosion 
line. The intersections of the broken lines with the stress-corrosion 
lines are used in deriving the diagrams in figures 3, 4, and 5. 

In figures 3 and 4, the diagrams may be considered to represent 
plan views of three-dimensional diagrams, in which the “vertical” 
coordinates (perpendicular to the plane of figs. 3 and 4) represent 
stresses in the corrosion stage. The curves in figures 3 and 4 thus 
represent contour lines on the surface of the three-dimensional dia- 
grams. Complementary views of the three-dimensional diagrams for 
these two alloys are shown in figure 5. Each diagram in this figure 
represents lines on the surface as viewed in the direction of the arrow 
in figures 3 and 4. Diagrams A and C of figure 5 represent views of 
constant-frequency lines, which are seen in figures 3 and 4 as straight 
diagonal lines. Diagrams B and D of figure 5 show lines representing 
constant numbers of cycles, which are seen as constant-ordinate lines 
in figures 3 and 4. Diagrams of this type have not been considered 
in previous papers. 

The form of the diagram for aluminum bronze (fig. 3) is well estab- 
lished by means of the experimental points. The curves as drawn, 
however, are not based only on the positions of these experimental 
points. The curves in this diagram and in the complementary 
diagrams (A and B of fig. 5) are so ‘drawn that the three di: agrams rep- 
resent correlated views of a three-dimensional diagram. The diagram 
in figure 3 has thus been extended to lower stresses and cycle fre- 
quencies than those used in actual experiments. The extrapolated 
portion of the diagram may be considered qualitatively correct. 

The form of the corresponding diagram for monel metal (fig. 4) also 
is well established by means of the experimental points. The diagram 
for monel metal evidently is qualitatively similar to the diagram for 
aluminum bronze. Drawn in accordance with the evidence and in 
proper correlation with the complementary diagrams (C and D, fig. 5), 
the diagram in figure 4 may be considered qualitatively correct. 

The diagrams in figures 3 and 4 are very different from the corre- 
sponding diagram obtained with steels in well water, figure 6, of the 
previous paper [4]. Whereas all the curves in that diagram, as they 
extend to the right, approach a horizontal direction, all the curves in 
figures 3 and 4 approach a vertical direction. This difference in form 
is due chiefly to the difference in form of the curves representing stress- 
less corrosion. When the stressless-corrosion curve is of the retarded- 
damage type, the derived diagram tends to be of the form obtained 
with steels in well water. When the stressless-corrosion curve is of the 
accelerated-damage type (figs. 1 and 2), the derived diagram tends to 
be of the form shown in figures 3 and 4.5. The great difference in form 
of these diagrams representing constant net damage, therefore, may 
be attributed to the difference in the type of control of the rate of 
corrosion. Anodic control tends to give a diagram of the form shown 
in figures 3 and 4. 

All the diagrams in figure 5 are similarinform. The lines represent- 
ing low frequencies (in diagrams A and C) and the lines representing 
small numbers of cycles (in diagrams B and D) are nearly straight, 


§ The diagrams representing constant net damage thus resemble qualitatively the diagrams representing 
constant total damage, figures 6 and 7. 
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as are all the lines in the corresponding diagrams for steels in well 
water [4]. With increase in the cycle frequency or in the total number 
of cycles, however, the curvature of the lines increases and the slope 
decreases. 

From the slope of a low-frequency line, an estimate can be made of 
the influence of stress on the rate of net damage. As shown in the 
preceding paper [4], the linear logarithmic relationship may be repre- 
sented by the equation R=CS", in which # represents the mean rate 
of net damage, S the stress, and C and n are constants. The exponent 
nis the cotangent of the angle of slope of theline. As indicated by the 
slopes of the lines representing 1 cycle per day in figure 5, the value 
of n (for this cycle frequency ) is 3.5 for aluminum bronze and about 
2.1 for monel metal. The rate of net damage evidently varies as a 
power of the stress. As represented by the curved lines in figure 5, 
however, the power exponent increases with the stress and with the 
cycle frequency. In this respect, the diagrams for aluminum bronze 
and monel metal differ from the corresponding diagram for steels 
fic. 5 of the preceding paper [4]). 


3. DIAGRAMS REPRESENTING CONSTANT TOTAL DAMAGE 


A diagram to represent constant total damage may be derived from 
families of curves of the type shown in figures 1 and 2 by utilizing the 
coordinates of intersections of such curves with a given horizontal 
line. An index of the total damage corresponding to this horizontal 
line is the effective stress concentration factor, A, obtained by divid- 
ing the fatigue limit of an uncorroded specimen by the fatigue limit 
of the corroded specimen [4]. 

Two-dimensional diagrams representing constant total damage may 
be of several types, representing different views of a three-dimensional 
diagram. In figures 6, 7, and 8 are diagrams of three types, corre- 
sponding to the three types of diagrams representing constant net 
damage (figs. 3,4, and 5). The diagrams in figures 6 and 7 are plan 
views of three-dimensiona] diagrams for aluminum bronze and monel 
metal, respectively. In figure 8, the diagrams represent views in the 
direction of the arrows in figures 6 and 7. In diagrams A and C of 
figure 8, the lines are constant-frequency lines; in diagrams B and D, 
each line represents the indicated total number of cycles. The total 
damage on which each diagram is based is indicated by the value of 
Ky. At the right of each of the diagrams in figures 6 and 7 and at 
the left of each diagram in figure 8, is a straight boundary line which 
represents the time necessary to reach the indicated value of Ky 
through stressless corrosion. The course of each curve represents 
the influence of cycle frequency (or number of cycles) in shortening 
the time necessary to cause constant total damage. 

In the plan diagram for aluminum bronze (fig. 6), each curve ap- 
proaches a vertical direction. The curves, however, do not approach 
the same vertical asymptote. With the possible exception of curves 
representing stresses less than about 25,000 lb/in.?, none of the curves 
approaches the time boundary of the diagram, the line representing 
stressless corrosion. A diagram of this form evidently indicates that 
the influence of stress on corrosion would be about the same for all 
cycle frequencies less than about 1 cycle per day. The evidence in 
figure 6 thus implies that the corrosion pitting of aluminum bronze 
is accelerated by steady stress. The relation between steady stress 
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and time for constant net damage evidently is represented approxi- 
mately by the curve representing 1 cycle in figure 8 (B). 

The plan diagram for monel metal (fig. 7) is qualitatively similar 
to the diagram for aluminum bronze. The diagram for monel metal, 
however, has not been extended to sufficiently low cycle frequencies 
to determine whether or not all the curves approach the time boundary 
of the diagram. If they do, steady stress (at least up to 80,000 
lb/in.*) has no appreciable effect on the corrosion pitting of this alloy, 
Comparison of figures 6 and 7, however, shows conclusively that the 
influence of steady stress is much less for monel metal than for 
aluminum bronze. The same conclusion would be reached by com- 
paring the diagrams for these two alloys in figure 8. 

Diagrams representing constant total damage for steels in fresh 
water (not shown) differ greatly from the diagram for aluminum 
bronze (fig. 6). In a plan diagram for steels, all the curves approach 
the time boundary, thus indicating that steady stress (at least up to 
the maximum value used in the investigation) has no appreciable 
effect on the corrosion pitting of steel in fresh water. As shown in 
the preceding paper [4], an influence of steady stress on corrosion 
would not be expected when the rate of corrosion is cathodically con- 
trolled, but is possible when the rate is anodically controlled. 


VII. THE PROCESS OF STRESS CORROSION OF ALU- 
MINUM BRONZE AND MONEL METAL IN AERATED 
FRESH WATER 


The evidence presented in previous sections indicates that cyclic 
stress tends to increase the size and sharpness of corrosion pits in 
aluminum bronze and monel metal. The effect tends to increase with 
the stress and with the cycle frequency. The effect of stress on the 
corrosion pitting of these two alloys thus resembles qualitatively the 
effect of stress on the corrosion pitting of steels. For steels in well 
water [4], however, the accelerating influence of cyclic stress is caused 
chiefly by an increase in the permeability of the coating of corrosion 
products. Cyclic stress increases the permeability in both cathodic 
and anodic regions and tends to shift the process from a cathodically 
controlled toward an anodically controlled process. An increase in 
the stress or the cycle frequency thus opposes the tendency of the 
process to shift, with time, toward purely cathodic control. As the 
corrosion of aluminum bronze and monel metal is an anodically con- 
trolled process, the rate of corrosion pitting depends not only on the 
initial stress but also on the enhanced stress due to stress concentra- 
tion around the corrosion pits. The rate of pitting thus tends to be 
accelerated. As with any accelerating process, the results are less 
reproducible than the results obtained by stress corrosion of steels 
in well water [4]. 

The accelerating influence of steady stress on the corrosion pitting 
of aluminum bronze may be due to an increase in the solution 
pressure, especially in the regions of high stress concentration around 
corrosion pits. This influence of stress is superposed on the influence 
of an increased permeability of the anodic coating owing to the 
cyclic stress. 

The difference in behavior of monel metal and aluminum bronze 
under steady stress may be caused, at least in part, by the fact that 
aluminum bronze has a duplex microstructure, whereas monel metal 
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is a single-phase alloy. The difference, however, may be caused in 
part by the greater strength of the monel metal and in part by a differ- 
ence in the ‘permeabilities of the anodic coatings. The influence of 
stress on the solution pressure would be important only when the 
stress is locally high enough to cause plastic deformation and when 
the anodic coating is so permeable that the permeability is not the 
controlling factor. 

As will be shown in a later paper, however, steady stress accelerates 
the corrosion pitting of steel in distilled water, even when the nominal 
stress is far below any index of elastic strength. An influence of 
steady stress on corrosion evidently is favored by conditions causing 
a slow corrosion rate, with anodic control. Such conditions, when the 
stress is high enough, tend to cause sharp, deep corrosion pits, which 
increase the local stress and thus accelerate the advance of the pit. 


VIII. SUMMARY 


Corrosion pits in the aluminum bronze, unlike the pits in steels, 
generally are not free to assume a roughly hemispherical form but are 
confined between crystallites of the alpha phase. Pits in monel metal 
are more like those in steel. Pits in aluminum bronze and monel 
metal are much smaller than those in steel. Cyclic stress tends to 
increase both the size and sharpness of the pits. The effective stress 
concentration that causes the lowering of the fatigue limit depends 
on both the size and the sharpness [4]. A sufficiently high combina- 
tion of stress, cycle frequency, and corrosion time causes fissures to 
develop from blunt pits. Fissures in the aluminum bronze generally 
are oblique, whereas fissures in steel and monel metal tend to be per- 
pendicular to the direction of the principal tensile stress. 

The curves of decrease of the fatigue limit with corrosion time are 
of the accelerated-damage type. Such curves are obtained when the 
corrosion rate is anodically controlled. With these two alloys, there- 
fore, the pits in a specimen have a wider range of size and sharpness 
than the pits formed under cathodic control, as in steels. The pit 
that caused the lowering of the fatigue limit may have been much 
larger and sharper than the pits found in the sectional views. The 
damage may then be greater than the sectional views would indicate. 
Many of the sectional views, however, give good correlation with the 
resultant fatigue limits. 

Steady stress tends to accelerate corrosion of aluminum bronze but 
has little apparent effect on the corrosion pitting of monel metal. 


Acknowledgement is made to H. O. Willier for the development of 
the method of polishing and for the careful preparation and photo- 
graphing of the metal specimens. 
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D, 500 eyeles per minute, 30,000 Ib/in.2, 4.5 days. 
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10 cycles per minute, longitudinal sections, well 


Aluminum bronze, 
water, 1000, 


1, 50,000 Ib/in.’, 1.1 days. 
B, 35,000 Ib/in.*, 6.7 days 
C’, 20,000 Ib/in.2, 52 davs 
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FicurE 16.— Aluminum bronze, 10 cycles per minute, longitudinal sections, 
water, * 1000. 


, 40,000 Ib/in.2, 13 days. 
3, 30,000 Ib/in.?, 26 days. 
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Figure 18.—Aluminum bronze, 5 cycles per hour, longitudinal sections, well wate 
1000. 


1, 60,000 Ib/in.2, 
B, 50,000 Ib/in.2, 2 
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FicuRE 20.—Aluminum bronze, 1 cycle per hour, longitudinal sections, well wa 
< 1000. 


A, 60,000 Ib/in.2, 20 days. 
B, 40,000 Ib/in.2, 73 days. 
C, 40,000 Ib/in.2, 149 days. 
D, 35,000 Ib/in.2, 374 days. 
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RE 21.—Aluminum bronze, 1 cycle per day, longitudinal sections, well wate 
1000. 


1, 60,000 Ib/in.2, 28 days. 
B, 40,000 Ib/in.2, 151 days. 
C, 40,000 Ib/in.2, 240 days. 
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DISTRIBUTION OF OZONE IN THE STRATOSPHERE: 
MEASUREMENTS OF 1939 AND 1940 


By W. W. Coblentz and R. Stair 


ABSTRACT 


Continuing the measurements of ultraviolet solar radiation intensities in the 
stratosphere made in 1937 and 1938 (RP1207), in this paper a description is 
given of similar measurements made with improved apparatus in the summer 
of 1939 and 1940. 

The apparatus that was transported aloft by means of unmanned balloons 
consisted of the following elements: (1) a photoelectric cell and filter radiometer, 
connected with a balanced amplifier, relaxation oscillator, and radio transmitter 
for measuring the ultraviolet intensities; (2) a radio-operated barometer, giving 
the heights attained by the apparatus; and (8) an electrolytic resistor for measur- 
ing the ambient temperature of the ultraviolet intensity meter. 

The audio-frequency modulated radio wave, giving (1) the intensity of the 
incident ultraviolet solar radiation, (2) the elevation of the apparatus, and (3) 
the temperature of the ultraviolet meter, was received and graphically recorded 
at a fixed ground station (RP1075). 

In three successful flights made in June 1939, and in two similar flights made 
in 1940, the ultraviolet radiometer attained heights ranging from about 78,000 
to about 88,000 ft (23 to 27 km). From the observed change in filter trans- 
missions of ultraviolet solar radiation with elevation, it is deduced that the appa- 
ratus passed through 65 to 70 percent of the ozone (and other ultraviolet-absorbing 
constituents, if any, in the upper atmosphere), the most of which is localized in 
a layer extending from 15 to 27 km, with a wide maximum of concentration at 
a height of about 24 to 25 km, above the earth’s surface. At the highest eleva- 
tion attained by the instruments, the intensity of the ultraviolet solar radiation 
of wavelengths shorter than 3132 ’A was 10 to 12 times that observed at sea level. 
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I. INTRODUCTION 


In a previous communication [1]1 a description was given of the 
results obtained in June 1938 in measuring ultraviolet solar intensi- 
ties, and thereby determining the vertical distribution of atmospheric 
ozone, at various elevations above the earth’s surface. Readers 
interested in the subject are referred to this and other papers for a 
description of the instruments used [1, 6, 7]; the methods of measure- 


1 Figures in brackets indicate the literature references and notes at the end of this paper. 
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ment, and reduction of observations; and for a discussion of the 
preliminary measurements made in June 1937 [5, 6). 

For clarity in exposition of the herein described data, it is relevant 
to record that an ultraviolet-intensity meter, consisting of a photo- 
electric cell and filter radiometer connected with an audio-frequency 
generator and radio transmitter, is transported aloft by means of 
small unmanned balloons [5]. The radio signals giving the altitude 
and temperature of the apparatus, and the ultraviolet solar inten- 
sities, are received and recorded graphically at a fixed ground station 
(5, 6, 7]. 

As mentioned in the previous paper [1], the problem then was 
(and still is) the lack of a satisfactory photoelectric cell for measuring 
the incident solar ultraviolet radiation, which increases rapidly in 
intensity and changes markedly in spectral quality, as the apparatus 
rises above the earth’s surface and passes through the layer of ozone 
that is concentrated principally in the stratosphere. 

The type of photoelectric cell now available commercially, best 
suited for this work, consists of a spherical bulb covered with a diffus- 
ing window; the interior of the bulb being photoelectrically sensitized 
with a suitable metal (Cd) which, in the samples used, changed in 
spectral response and intrinsic sensitivity with age, and with tem- 
perature, to a greater extent than is desirable.’ 

One of these photoelectric cells (Cd-38303) had a unique record 
of performance. It made three stratosphere flights (1938, 1939, and 
1940), and was used in measuring sky and solar radiation at Flagstaff, 
Ariz., in 1938. In its flight of June 20, 1940, after attaining an 
altitude of 83,000 ft (25 km), the radio sonde descended to an eleva- 
tion of 70,000 ft (21 km), where it floated for several hours and was 
carried out to sea. The following day, at sunset, it was seen falling 
into the sea with three of the original six balloons still inflated, some 
140 miles southeast of the Boston Lightship, and was recovered soon 
thereafter. The report received with the return of the instrument, 
a month later, stated: “On delivery at Fish Pier, Boston, box was 
badly broken, contents loosened from fastenings; but (radio) tubes 
not broken. Batteries, (barograph, motor, filters) were missing.”’ 

It is interesting to note that the spectral response of Cd-—38303 
(as indicated by the transmissions of four filters [17], using a Mazda 
CX lamp as a source of ultraviolet) before the flight of 1940 was the 
same as before the flight of 1939. Similarly, the spectral response 
after the flight of 1940 was the same as after the flight made in 1939. 
In both years the percentage transmissions of ultraviolet through these 
filters was lower (indicating a higher spectral response in the short 
wavelengths relative to the long wavelengths) after the flight than 
before the flight, with an apparent recovery in relative spectral re- 
sponse after resting a year. Similar changes in spectral response were 
observed in other cadmium-photoelectric cells after a flight. A cor- 
rection for this change in filter transmission, which is similar in magni- 
tude but opposite in direction to the correction for temperature, has 
not been applied to the herein described ultraviolet measurements, 
because it is small and because of the lack of knowledge as to when the 
change occurred during a flight. 

2 In this connection, we record our appreciation of the assistance of Dr. Louis Koller, of the Research 
Laboratory of the General Electric Company, in selecting photoelectric cells that had closely the spectral 


range of sensitivity desired in this investigation. We thank also the National Geographic Society and the 
Radio Section of the National Bureau of Standards for their cooperation in this work. 
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1. TESTS WITH THE NEW TYPE RADIO TUBES 


In view of the fact that the highest elevation attainable is limited 
by the kind of balloons used and by the weight of the apparatus that 
is being transported, preliminary to the flights of 1940 an attempt was 
made to reduce the weight by employing smaller batteries and radio 
tubes than were previously used in the ultraviolet meter [i, 5, 7]. 

At the outset it was found that the small radio tubes, recently 
introduced for use in hearing aids, were unsuitable for operation in 
the stratosphere ultraviolet meter. 

Several radio units were assembled using some of the new 1.4-volt 
radio tubes (principally the types 1N5-GT, 1A7-GT, and 1G6-G), in 
an attempt to decrease the weight of the apparatus. However, since 
the battery requirements were similar to those used with the older 
type of radio tubes, the actual saving in weight in the ultraviolet 
meter was only about 4 ounces. 

The 1N5-GT tubes operated satisfactorily, and were incorporated 
in some of the amplifiers used in 1940. However, none of the com- 
binations of the other new models of radio tubes investigated operated 
as satisfactorily as those previously employed in the transmitters, 
and their use without further prolonged experiments was considered 
inexpedient, especially since there would have been but little reduction 
in weight of the radio sonde. 


II EXPLORATION OF THE VERTICAL DISTRIBUTION 
OF OZONE IN THE STRATOSPHERE 


Reference has already been made to earlier papers [1, 5, 6, 7] for a 
description of apparatus and methods of measurement of ultraviolet 
solar intensities in the stratosphere. 

The balloon flights of 1939 differed from those made in 1940 only 
in that, in the latter, additional equipment in the form of an electro- 
lytic resistor [2, 3] was included to measure the ambient temperature 
of the photoelectric cell and filters. This temperature element was 
near the center of the axis of rotation of the disk that supported the 
filters, and hence measured the temperature of the enclosure under 
the disk and the cover of the box containing the ultraviolet meter 
(see fig. 6 of RP1207 [1]). As in previous years, the top of the box 
(“cover”) was painted black to heat the interior by absorbing solar 
radiation. The sides and bottom of the box were wrapped in cotton 
batting and black cloth to retard cooling of the batteries. An exten- 
sion arm, attached to the axis of rotation of the disk that supports 
the filters, provided a means for opening the electric circuit of the 
ultraviolet meter and closing the circuit through the temperature 
element. In order to eliminate interference between the radio 
signals indicating the ultraviolet intensities, and the temperature 
sienal, all the filters and screens were placed close together on one 
side of the disk, leaving about one-half the disk opaque (see fig. 6, 
of RP1207 [1]). As this opaque part of the disk passed over the 
window of the photoelectric cell, two records per revolution of the 
lisk were obtained of the reference frequency of the ultraviolet 
meter (see figs. 8 and 9, RP1207 [1]); and when the temperature 
element was in the circuit, two intervening frequency measurements 
were recorded, giving the temperature. Since the disk made one 
revolution in about 45 seconds, and the rate of ascent was 700 to 
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1,000 ft/min, numerous measurements were obtained of the ultra- 
violet solar intensity and of the temperature of the enclosure at 
various elevations above the earth’s surface. 


1. NOTES ON THE STRATOSPHERE BALLOON FLIGHTS 


In the flights of 1939, the weight of the complete apparatus was 
about 5 lbs (2.3 kg). In the flights of 1940, the additional weight 
of the temperature element was compensated by reducing the length 
of the rubber shock cord. In all the flights latex balloons, model 700 
(weight 700 to 740 g), made by the Dewey and Almy Chemical Co. 
were used. ‘These balloons were joined in tandem by means of 
especially strong long-staple cotton twine (regular twist, mainsail 
stitching twine; 125/14 ply; weight 130 ft/oz) having a minimum 
breaking strength of 30 lbs (14 kg). To provide a long period of 
pendular swing, the distance between the box containing the ultra- 
violet meter and the point of attachment of the lowest balloon was 
30 to 32 m. This suspension cord consisted of three strands of 
twine having a minimum breaking strength of 90 lbs, which was 
needed when launching the apparatus in a strong wind. 

The distance between the points of attachment of the individual 
balloons was 8 m; the sections being graded from three strands for 
the lower three balloons to one strand each for the two topmost 
balloons. Each balloon was held to the main lifting cord by a 
5-m length of this twine. 

In some of the flights provision was made for releasing the balloons 
after bursting, as described by Johnson [13]. However, the device 
usually became entangled with the main lifting cord and failed to drop 
off. Moreover, in all recoveries of apparatus, the main part of the 
balloon was blown into long narrow strips (0.5 to 2.5 em wide; 0.5 to 
1.5 m long) that sometimes became entangled in the lifting cord, and 
only the heavy tube at the end (weighing about 1.5 to 2 0z; 40 to 
60 g) remained. The additional‘ dead” weight on the bursting of one 
balloon, therefore, had but little effect upon the flight of the apparatus, 
which is determined by the lifting power of the remaining balloons. 
Hence, this refinement in making flights was not continued. 

All of the ascents were made at Beltsville, Md. In 1939 three flights 
were made, and there were three recoveries. In the first flight (June 
22), using Cd-38303, two balloons were lost soon after the start; 
therefore it was a four-balloon ascent, to 78,000 ft, at the rate of about 
630 ft./min. The descent by two balloons began at 1:00 p.m. The 
radio sonde was seen falling into Chesapeake Bay, near Baltimore, 
from which it was recovered about 4 p. m. 

In the second flight (June 26, to a height of 78,000 ft), the ascent 
was at the rate of 1,325 ft/min with six balloons; then 875 ft/min 
with five balloons; then 550 ft/min with four balloons—descent on 
three balloons. 

In the third flight (July 1, 1939) using seven balloons, each having 4 
free lift of 1 lb 14 0z, a height of 87,000 ft (perhaps 89,000 ft) was 
attained—one-balloon descent. The rate of ascent was 920 ft/min 
to an elevation of 70,000 ft, then 670 ft/min. The ascent started at 
10:40 a. m. and the descent at 12:43 p.m. The apparatus was re- 
covered at 2:10 p. m. near Middletown, Del., a distance of about 70 
miles from the starting point. In the two previous flights, the 
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apparatus was recovered in nearby Maryland and Virginia, respec- 
tively. 

In 1940, four ultraviolet radio sonde flights were made, only three 
of which were successful. In each flight six balloons were used, each 
balloon being inflated to lift 11lb 14 0z. In the fourth flight (June 27), 
one balloon became detached during the launching; hence it was a 
fiye-balloon ascension. 

The first flight (June 17) was unsuccessful because of local radio 
interference, and the radio transmitter may have been injured in 
launching the apparatus. The apparatus was recovered the following 
morning by a coast guard on Cape Henlopen Beach, N. J.—three 
balloons intact, box crushed. Apparently the partly inflated balloons 
had dragged the box along the shore, breaking all the apparatus. 

In the second flight (June 20), using Cd-38303, the ascent began at 
10:59 a. m. in a strong breeze. The maximum elevation (83,000 ft) 
was attained at 12:47 p.m. The descent was followed until 4:30 p. m., 
when the sun was too low to shine upon the ultraviolet meter but 
seemed to heat it (see fig. 1). The flight record is interesting in that 
the measurements of ultraviolet intensities at the ceiling give a more 
sharply defined indication of the time the highest elevation was 
attained than the barograph record. As mentioned on a preceding 
page, during the descent the apparatus floated for some hours at an 
elevation of about 70,000 ft, and was blown out to sea beyond Boston, 
where it fell into the ocean 24 hours later. Whether the box of appara- 
tus was broken on the shoals, or by grappling hooks in making the 
recovery, was not learned. As already noted, in the flights of 1939 this 
photoelectric cell fell into Chesapeake Bay. 

In the third flight (June 22) the ascent started at 10:30 a.m. The 
maximum elevation (87,300 ft) was attained at 12:25 p.m. In this 
flight, as in the preceding one, the rapid change in ultraviolet inten- 
sities with elevation gave a more sharply defined indication of the time 
the maximum elevation was attained than the barographic record. 
In this flight and in the following one there was no recovery of ap- 
paratus. Presumably this was owing to (upper air) weather condi- 
tions which were unusual, in that there were but few clear days all 
summer; and presumably, also, owing to the fact that the balloons 
did not descend promptly the same day (or in the daytime) when the 
descent could be seen. Nevertheless, as a whole, the score of recov- 
eries of apparatus (14 recoveries out of 19 flights; 74 percent in 4 
years) seems remarkably high, considering the fact that the flights 
were made so close to large bodies of water, marshy areas, and infre- 
quently visited lowland covered with trees and underbrush. Of the 
14 recoveries, three were from the water and two on the beach, 
bordering large bodies of water. 


II. EVALUATION OF THE ULTRAVIOLET INTENSITY 
MEASUREMENTS 


For details regarding the methods of evaluation of these measure- 
ments, reference is made to preceding papers [1, 5, 6]. It will, there- 
fore, suffice to recall that the evaluation of solar ultraviolet intensities 
in the stratosphere requires a knowledge of: (a) the spectral-response 
curves of the photoelectric cell; (b) the spectral ultraviolet trans- 
mission of the filters; (c) the spectral-absorption coefficients of ozone 
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and Rayleigh scattering; (d) the solar-energy curve outside the at- 
nosphere; and (e) the change in transmission of the integrated ultra- 
violet solar radiation, resulting from a change in temperature of { 
photoelectric cell and filters used in the ultraviolet meter. The latter 
enters as a minor correction in the calculations. 


1. EFFECT OF TEMPERATURE ON THE ULTRAVIOLET 
MEASUREMENTS 


The effect of temperature on the ultraviolet solar-radiation measur 
ments was determined by enclosing an ultraviolet meter in a Se, 
insulated, airtight box that was cooled with solid CO, (‘dry ice” 
The source of ultraviolet was a tungsten Mazda CX lamp, operated 
under conditions to give filter transmissions of integrated ultraviolet 
radiation closely similar to those obtained in measuring ultraviolet 
solar radiation in the stratosphere (see fig. 2 of reference [11]). 

Starting with the apparatus at room temperature (25° C), 

ansmissions were made at decreasing temperatures, down to —40° (, 
By this procedure the apparatus was always warmer than the refrig- 
erant, and no moisture condensed on the windows and the filters. 

In the temperature range of +25° to —35° C(A=60° C) the 
filter transmissions increased by 2.1 to 2.8 percent (average 2.5 per- 
cent for all photocells) of the value observed at room temperature. 
For example, using photoelectric cell Cd-38303, the transmissions of 
the LG-filter increased from 21.0 to 23.8 percent and the LS-filte 
increased from 42.2 to 45.0 percent (A=2.8 percent). 

This is equivalent to a decrease in spectral sensitivity of the photo- 
electric cell in the short wave lengths (or increase in sensitivity in the 
long wavelengths with decrease in temperature), or an increase in 
spectral transmission of the filters in the short wavelengths as ob- 
served by Arrol [18]. The combined effect of these two elements is 
the opposite of the change in spectral quality of the ultraviolet 
(increase in intensity in the short wavelengths, producing a decrease 
in percentage transmission of the filters) observed with increase in 
elevation above the earth’s surface. This correction is small, however 
and, because of the rise in temperature (see fig. 1), is practic aly 
negligible at the highest elevations. This test for change in spectral 
response is extremely sensitive and easily observed. The change in 
total response (intrinsic sensitivity) was too small to separate from 
the errors of measurement of the total intensity. 

In figure 1 are depicted the measurements of the ambient tempera- 
ture of the photoelectric cell and the filters, observed on two flights 
into the stratosphere. It is interesting to note that the lowest 
temperatures (—15° C) within the box occurred at an elevation of 
15 km, which was the starting point in the calculations of our e arliest 
measurements [5, 6] and is the beginning of an appreciable change in 
concentration of ozone per kilometer as shown in figure 5 

Incidentally, it is relevant to note that, relative to the large varla- 
tions in the intensity measurements, the corrections for temperature 
are small (largest at 12 to 16 km), so that by a fortuitous combination 
of data on spe .ctral response of the photocells and transmissions of the 
filters, used in the nr li measurements of 1938, the graph 
(fig. 14 of RP1207 [1]) showing the distribution of ozone at variou 
elevations above the earth’s surface is in good agreement with “1 
sequent observations (see fig. 5). 
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EXTRATERRESTRIAL ULTRAVIOLET SOLAR SPECTRAL- 
NERGY CURVE 


An important factor that enters into the calculations of the ozone 
lis tribution above the apparatus is the shape of the curve depicting 
the solar spectral-energy curve of wavelengths shorter than about 
200 A, outside the earth’s atmosphere. The solar spectrograms and 

rum photographic density measurements of Fabry and Buisson 
yes large Fraunhofer bands in the region of 2900, 2940, 3025, 
“ 3120 A, with two bands of high intensity in the region of 2985 
nd 3055 A, respectively. The early measurements of Pettit, using 
integrated sunlight, indicated a high emission in the region of 2980 A; 
| but this was not observed on the center of the solar disk [4]. All our 
ar mag We by means of photoelectric cells and filters [14, 11] 
licate a high emission in the region of 2980 A. A blueprint of 
noilatee d observations by Brian O’Brien (given us in 1939) shows 

a a high emission in the region of 2950 A and a low emission at 3030 A. 

In view of these uncertainties, and in order to obtain calculated 
filter transmissions that are in agreement with the observed filter 
transmissions of the integrated ultraviolet incident upon the photo- 

electric cell, we adopted a spectral-energy distribution that is high 
in the region of 2980 A (see table 1) and low in the region of 3050 yee 
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omitting the narrow emission at 3055 A shown in the spectrograms of 
Fabry and Buisson, in order to simplify the calculations. Incidep- 
tally, it is to be noted that the various observers are in fair agreement 
in the evaluation of the energy distribution in the spectral region 
of 3100 to 3300 A. 


ir energy outside the earth’s atmosphere 


1 and center of disk, 1931-39); Fabry and Buisson 
Coblentz and Stair (1935); Stair and Hand 


Wave- 
leneths 





In calculating the distribution of ozone in the stratosphere, use is 
made of the solar spectral-energy data given in table 1, and the spectral- 


absorption coefficients of ozone [16] described in previous papers [1, 6] 
While numerous determinations of the spectral-absorption coeffi- 


cients of ozone in the atmosphere are in close agreement a similar 


measurements on ozone prepared in the laboratory [15], it is to be 
noted that recent investigations by Adel and Lampland 8) seem to 
indicate the presence of oxides of nitrogen (N.O and N,O;) in th 
upper atmosphere [9], produced by the photochemical action of ultra- 
violet solar radiation. Adel [9] points out that, if the coincidence of 
the bands of selective absorption (at 7.77 and 8.57 yu, respectively 

in the atmosphere and of laboratory preparations of the above- 

mentioned oxides of nitrogen is not fortuitous, there would appear to 
be a layer of N.O, comparable to the known layer of ozone, in tl 

stratosphere. Such a deduction has wide implications. The writers 
do not recall data on the ultraviolet spectral absorption of N.O. The 
measurements of Jones and Wulf [10] show no bands of selective 
absorption of N,O; in the ultraviolet; but an increase in absorptio! 
with decrease in wavelength is recorded, the spectral-absorption coefli- 
cients being similar in magnitude to those of ozone. It is therefore 
an interesting scientific question how much of the observed ultra- 
violet spectral absorption is caused by each of these gases (O;, N,0, 
N,O;); though for our purposes it seems relatively unimportant t, since 
use is made of the directly observed spectral-absorption coefficients 
that appear to be representative of all of the gases that form the 
absorbing layer in the stratosphere. 

To recapitulate, using sunlight, also starlight [15], as a source, 
measurements show narrow bands of selective absorption superposed 
upon a wide band of general absorption in the terrestrial atmosphere, 
that increases with decrease in wavelength in the extreme ultraviolet 





Atmospheric Ozone Distribution 169 


of the solar-energy spectrum. Earlier measurements of these atmos- 
nheric ultraviolet-absorption coefficients have been correlated with 
jefinite amounts (n. t. p.) of laboratory preparations of ozone. 


Ri ‘ent infrared solar spectral-energy measurements show (atmos- 
pi 
i 


denn 


eric) absorption bands identifiable with laboratory preparations of 
‘tain oxides of nitrogen. If this is not a fortuitous, approximate, 
coincidence (because of the small dispersion usable) of Fraunhofer 
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lines, the presence of oxides of nitrogen in the upper atmosphere is to 
be inferred, and is to be expected on the basis of ultraviolet photo- 
chemical action. However, these deductions and inferences do not 
modify the herein-described measurements and conclusions, which 
pertain to the position, and not the composition of the absorbing 
layer, in the stratosphere. 


3. EXPOSITION OF DATA 


The ultraviolet intensities are received at the ground station in the 
form of a graphical record of audio frequencies emitted by the photo- 
electrically controlled radio transmitter, during ascent and descent of 
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the apparatus, as shown in figure 8 of the preceding paper [1]. From 
such records of ascents in 1939 and 1940, da ita are obtained showine 
the variation in ultraviolet solar intensity with altitude, as depicted 
pe penene Sane 400" the precede paper {1}. 

In figure 2 are depicted the integrated ultraviolet intensities of 
ultraviolet solar radiation of wavelengths shorter than 3132 A, at 
various elevations above sea level, observed in 1939 and in 1940, At 
the lower elevations the wide spread in the inte nsity measurements jis 


to be attributed to clouds, haze, and dust on different days. At the 
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highest elevations the ultraviolet intensities observed in 1939 and in 
1940 are in good agreement with the measurements of 1938, indicating 
an intensity of about 900uW/cm? of ultraviolet radiation of wave- 
lengths shorter than 3132 A, at an altitude of about 27 km [1]. 
From data similar to those depicted in figures 9 and 10 [1], the filter 
transmissions are calculated by two methods as outlined on page 599 
and depicted in figure 11 of the preceding publication [1]. Some of 
these filter transmissions, observed at different elevations of the ultra- 
violet meter, using photoelectric cell Cd—38303, are plotted in figure 3. 
The arrows in the upper right-hand corner of this illustration indicate 
the ascent and descent of the apparatus. In order to increase the 
accuracy of the audio-frequency readings, the glass filters used in the 
flights of 1940 had higher integrated ultraviolet transmissions than 
those end in 1938 and in 1939. Using the same photoelectric cell 
(Cd-38303), it may be noted that the indiv idual observations of 1940 
sullered: er slid yariations than those obtained with this apparatus 
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during the two preceding years. In the case of this particular photo- 
electric cell this variation may have been caused partly, perhaps, by 
variation in contact resistance of the electrode with the photosensitive 
surface, which seemed to vary somewhat after recovery of the appara- 
tus, in 1940. 

These filter transmissions at different elevations have been corrected 
for temperature, see figure 1. From these filter-transmission curves 
[16] the amount of ozone traversed at a given height above the earth’s 
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surface is then calculated, as outlined on page 602 of the previous 
paper [1]. 

In figure 4, curves are depicted showing the amount of ozone above 
the ultraviolet-intensity meter, at various heights above the earth’s 
surface. The graph for 1939 is the average of three flights, and that 
of 1940 is the average of two flights (see fig. 2 for the dates of the 
flights). Owing to the difficulties in making such observations, the 
difference between the single curves and the average of the two curves, 
at any elevation, is not sufficiently marked to be considered real. 

Following the procedure previously outlined (p. 604 [1]), from figure 
4 is derived the amount of ozone per kilometer (O;/km) at different 
elevations above the earth’s surface. 
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As shown in figure 5, the relatively high concentration of ozone may 
perhaps have extended to lower elevations (12 km) in 1940 than in 
1939. In this illustration is depicted also the curve obtained in 1938, 
after correcting the filter transmission for changes in temperature of 
the apparatus during the flights. The explorations of all three seasons 
are in good agreement in placing the maximum concentration of the 
ozone at a height of 23 to 25 km. The dotted part of these curves 
shows the distribution of ozone required to account for the 30 to 
35 percent of ozone that still remained above the apparatus when it 


was at an elevation of about 27 km above sea level. 
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